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PHOTOVOLTAIC TRACKER 
 
Wind loading is an important environmental factor to be considered in design of 
components and support structures of ground mounted photovoltaic tracker systems 
(PVT).  Current understanding of action of wind on such systems is incomplete.  Over the 
past decade, a number of investigations devoted to this topic have been carried out.  
However, majority of these efforts have been of proprietary nature.  As a result, limited 
amount of data on wind loading on PV systems can be found in open literature.  This 
study describes a wind tunnel study of wind effects on a generic ground mounted 
photovoltaic tracker system.  The study was carried out at the Wind Engineering and 
Fluids Laboratory, Colorado State University.  During the wind tunnel testing, the 
dynamic wind loading exerted on an isolated PVT system was measured and the effects 
of various parameters of the system on the wind loading were investigated.  The 
investigated parameters included: the system porosity, inclination angle, wind direction 
and arrangement of the PV panels.  A scaled model of the system was mounted on a High 
Frequency Force Balance (HFFB) and wind induced forces and moments were measured 
in a simulated atmospheric boundary layer flow.  The work described herein presents an 
overview of the study and discusses the obtained main findings.  It is concluded that 
 iii 
certain combinations of the system parameters led to a significant reduction in the exerted 
wind loads.  A comparison of wind tunnel based design wind loads with those obtained 
from American Society of Civil Engineers Standard (ASCE 7-05) demonstrated 
reasonable agreement between the measured peak wind loads and design loads 
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Recent years have seen a rising use of renewable energy all around the world.  Various 
innovative systems have been introduced to harness such energy.  Globally, solar energy 
is one of the fastest growing and the most popular renewable energy source.  Solar energy 
has several uses such as heating, cooking, power generation, etc.  Solar power generation, 
which is defined as harnessing of electric power from solar energy, is considered as the 
most widespread form of solar energy used around the world. Electric power generated 
from solar energy is not only considered to be renewable, but also clean, as it prevents 
generation of pollution associated with operation of coal and nuclear power plants.  
Despite the recent global financial crisis, in the area of solar power significant advances 
have been achieved in the conversion of photovoltaic (PV) energy, using fixed and sun-
tracking systems.  Worldwide, the installed solar photovoltaic capacity has grown by 
44%, in the past year [18].  Representative examples of typical installations of PVT are 
displayed in Figure 1.1.  
The dominant factor affecting the performance and design of PVT is wind action.  In 
general, when wind flows past an object with sharp edges, flow separations occur at the 
windward edges and corners.  High negative pressures (suctions) are generated in such 
areas and this leads to unfavorable aerodynamic loading – significant wind uplift, the 
drag force and the overturning moment.  Due to the complicated nature of flow patterns 
and distribution of wind loading, these effects are typically evaluated during wind tunnel 
 2 
tests carried out for generic configurations of PVT placed in representative wind 
exposures.  Recent advances in laboratory instrumentation have allowed precise 
measurement of dynamic wind loading exerted on PVTs.  These data were used in 
dynamic analyses of the PVT’s wind induced structural responses.  In the majority 
investigations of wind loading on PVTs, the primary objective has been to determine 
wind loads on trackers that could be utilized in development of design guidelines for 
specific PVTs and their configurations.  With the increasing demand for the ground 
mounted photovoltaic trackers (PVT), there has been a surge in efforts focused on 
optimizing configurations of such trackers.  The study of wind effects on individual solar 
tracker allows better understanding and optimized design of the tracker arrays, typically 
comprising of a large number of trackers in various spatial arrangements.  Information on 
wind loading on PVTs, available in open literature, is limited.  Furthermore, there exists 
the need for an efficient, non-conservative and thereby economical, structural design for 
PVT systems.  In addition, it has been recognized that there is a potential for 
development of PVT configurations that would minimize the effect of wind load during 
various operation stages.   
The work reported herein explores the potential for reduction in wind loading on an 
isolated generic ground mounted photovoltaic tracker (PVT), using aerodynamic 
optimization achieved via geometrical modifications of the PVT geometry.  This study is 
focused on the experimental investigation of the effects of the porosity of the PV panel 
assembly, carried out in a boundary-layer wind tunnel at the Wind Engineering and 





2. LITERATURE REVIEW 
2.1 INVESTIGATIONS OF WIND LOAD ON GROUND MOUNTED PHOTOVOLTAIC 
TRACKERS  
For a ground mounted photovoltaic tracker (PVT), whether erected in an open field or in 
sub-urban area, wind loading is the primary load acting on the whole structure.  Due to 
the complexity of flow patterns of wind past PVTs, most of the studies of the wind 
effects on trackers have been based on experimental studies.  The majority of these 
investigations were carried out in boundary layer wind tunnels, with approach flow being 
a turbulent boundary-layer flow scaled for model conditions.  In most cases, the primary 
objective of such studies has been to determine wind loads on PVT, for inclusion in 
guidelines for wind-resistant design [12, 16], or to investigate other important aspects of 
PVT design, such as the variation of the convective heat transfer from PV assemblies as 
functions of wind direction [8], and the effects of the wind velocity on settlement of dust 
on solar collectors [4].  Aside from wind tunnel experiments, investigations of wind loads 
acting on PVT systems have been carried out utilizing numerical simulations resulting 
from tools such as Computational Fluid Dynamics (CFD) [13] and Computational 
Structural Analysis (CSA) [17].  The CFD study carried out for isolated and array of solar 
trackers reported by Shademan et al. [13] discusses the effect of wind direction and 
tracker inclination angle on the load on an individual photovoltaic panel in a PVT system.  
Unlike the turbulent boundary layer flow used in most of the wind tunnel experiments, 
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uniform flow was considered in this study.  Lately, studies have been carried out to 
optimize not only the wind load behavior but also to improve the reliability and 
performance of the whole PVT system [7, 14].  Innovative methods, such as use of 
motors and fluid filled dampers to adjust the orientation and tilt angle of the PV panels 
[5], have been implemented to reduce wind effects on PVT. 
 
2.2 WIND TUNNEL TESTING 
The wind loads of interest in the wind tunnel based experiments typically include: the 
overall along wind force (drag), vertical force (lift), pitching moment about the PVT 
pivot axis, and pressure distributions over the PV panel surface.  Various shapes, sizes of 
trackers and spacings between trackers within an array of trackers have been considered 
in the past studies.  The most recent experimental study relevant to the work described 
herein is a wind tunnel testing of parabolic trough solar collectors [6].  Wind loads were 
obtained for a collector placed within an array field and they were compared with the 
results obtained for an isolated collector.  Two instrumentation set-ups were employed: a 
model installed on a high frequency force balance to measure the overall fluctuating 
loads, and a pressure-tapped model designed to map the distribution of the pressure loads 
across the faces of the collector.  The pitching moment at the pivot center of the collector 
was measured using a torque transducer mounted at one end of the collector.  For the 
pressure measurements, a 1:45 scale rigid plastic model with 60 pressure taps was used.  
A large number of the pressure taps were distributed near the PV panel edges and corners 
to accurately capture the wind induced pressures in these regions.  Wind loads on the 
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models were obtained for different wind directions and inclination angles of the collector.  
Considerable reductions in wind loads were found for the collectors placed within an 
array, due to the shielding effects. 
A study of wind loading on heliostats and wind loading reduction was reported by 
Peterka et al. [10].  The mean wind loads on solar collectors were obtained through tests 
carried out in a boundary layer wind tunnel.  The wind loads were measured using a six 
component (force and moment) balance.  They were acquired for an isolated heliostat and 
for heliostats in array configurations.  The effects of the proximity of the heliostats in 
array arrangement, and the effects of the array perimeter fences and spoiler devices 
attached to the heliostats were investigated.  Overall, the localized effects of the heliostat 
geometry on the wind loads were found to be limited.  The effects of the heliostat 
proximity (within the heliostat array) were investigated in more detail.  Based on the 
obtained results a concept of a generalized blockage area (GBA) defined on the basis of 
the parameters of the perimeter and in-field fences were developed. The report also 
provided the force and moment coefficients induced by wind, for the studied heliostats, 
for varying pitch (inclination) angles and wind directions.  In a similar study of three 
panel heliostats with 8.7% porosity [9], the effects of internal fences and nearby 
heliostats on the wind loads were investigated in detail.  The effects of the varying 





2.3 WIND LOADS SPECIFIED IN BUILDING STANDARDS 
Typically, the design of PVT systems is carried out using forces or pressures for 
freestanding monoslope roofs, specified in various building standards.  Scaletchi et al. 
[12] have reported a comparative analysis of design guidelines incorporated in various 
building standards around the world.  As a part of this study the force and pressure 
coefficients for monoslope roof were compared for various inclination angles of the roof.   
It should be noted that although the definition of basic wind speed in all the considered 
standards was different (e.g. 3-sec average gust in ASCE7-05, 10-min averages for EN 
1991-1-4: Eurocode 1), the force coefficients discussed in this study were not converted 
to a common reference (average) wind speed.  Hosoya et al. [6] discuss this aspect – a 
conversion of the basic wind speed specified in the ASCE 7-05 standard to mean hourly 
speed - in a comparative discussion of the wind tunnel based design wind loads and the 











3. EXPERIMENTAL CONFIGURATION 
3.1 TEST SETUP 
3.1.1 WIND TUNNEL MODELING OF ATMOSPHERIC BOUNDARY LAYER 
The experimental tests reported in this thesis were carried out in the Meteorological Wind 
tunnel (MWT), located at the Wind Engineering and Fluids Laboratory (WEFL), 
Colorado State University (CSU), Figure 3.1.  The atmospheric boundary layer (ABL) 
flow at a geometrical scale of 1:24 was developed.  The target prototype flow was the 
turbulent ABL in open wind exposure – Exposure C.  To model this flow, passive devices 
such as spires and barriers, and floor roughness (bricks and chains) were used.  The 
configuration and arrangements of these devices and floor roughness were altered until 
the modeled ABL matched the target ABL.  The generated flow was measured using hot-
wire anemometry.  A pitot-static probe placed at a reference height of 1 m above the 
wind tunnel floor was employed to monitor the reference wind speed.  Figure 3.2 shows 
the wind tunnel setup developed to model the ABL.  
The mean velocity and turbulence intensity profiles were acquired for this flow at the 
center of the turntable (with the PVT model removed) and they were compared with the 
corresponding profiles specified in the ASCE7-05 standard [2].  Several configurations of 
the passive devices employed were tested until the acquired wind profiles were in a good 
agreement with the ASCE standard.  Figure 3.3 compares the measured values (denoted 
 8 
CSU) with the target quantities (denoted ASCE).  The mean velocity profile closely 
matched the ASCE model, with a power coefficient of 0.18, Figure 3.3(a).  The turbulent 
intensity postulated by the ASCE standard was in agreement with the modeled turbulence 
intensity up to approximately 1.5 times the height of PVT, Figure 3.3(b).  As can be seen, 
at larger heights the experimental values were smaller than those of ASCE.  However, 
these deviations (in the turbulence intensity) were considered acceptable in view of 
approximations incorporated in turbulence intensity calculations using ASCE standard. 
3.1.2 HIGH FREQUENCY FORCE BALANCE 
To investigate wind forces on a single PVT, a High Frequency Force Balance (HFFB) 
was used, to measure the drag and lift forces, and the pitching moment.  The HFFB 
system consisted of a high-frequency six-component force sensor (force balance), data 
acquisition board, cables, connections, and software and drivers interfaced with the data 
acquisition software developed at WEFL.  A number of modifications were implemented 
in the wind tunnel turn table to accommodate the force balance support and its isolation 
from wind tunnel vibrations.  
The force balance used was a Gamma US-15-50, fabricated by ATI Inc.  A non-magnetic 
aluminum breadboard was used to support the balance to ensure the support rigidity and 
to minimize the relative motion of the whole system with respect to the wind tunnel floor. 
The PVT model was firmly connected to the force balance by a series of aluminum base 
plates and screws shown in Figure 3.4.  The force balance electronics was connected with 
a computer-mounted data acquisition board, using a shielded co-axial cable. The HFFB 
data was acquired and processed using the data acquisition software developed at WEFL 
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using the LabView programming environment.  This software provided an interface with 
the support drivers and software supplied by ATI, Inc.   
3.1.3 DESIGN AND FABRICATION OF MODELS OF PVT 
Prior to the development of geometry of a generic large PVT, configurations, dimensions 
and details of various trackers available in US market were examined [1, 3, 11, and 15].  
Taking into account the flow blockage limitations of the available wind tunnel (MWT), a 
1:24 geometrical scale was adopted to model a generic prototype PVT.  The major 
components of the developed model were: frame, pivot tube, supporting tube, base plates, 
and plastic sheets.  A square frame, 7.625 in. x 7.625 in., of the modeled PVT was 
fabricated out of aluminum bars and pipes to reduce the model weight and to ensure 
rigidity of the model assembly, see Figure 3.5.  The center of the PVT (pivot axis) was 
5.5 in. above the wind tunnel turn table.  The pitch angle (inclination) of the panel of the 
tracker was adjustable over approximately 180-degree range.  An overall view of the 
PVT model is shown in Figure 3.6.  The displayed PV panels were modeled using 1/16-
in. thick plastic sheets, fastened to the frame using flat socket cap screws. 
3.1.4 PVT TEST CONFIGURATIONS 
Wind tunnel tests were carried out for three arrangements and four porosities of the tested 
PVT.  The arrangements of the PV panels are specified as follows:  
 Single arrangement (A1): PV panels configured as one unit comprising of 32 PVs 
(8 rows x 4 columns); 
 Twin arrangement (A2): PV panels configured as two similar units comprising of 
16 PVs (8 rows x 2 columns); and 
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 Quadruple arrangement (A3): PV panels configured as four similar units 
comprising of 8 PVs (4 rows x 2 columns). 
 
Arrangements A2 and A3 were employed in modeling three values of the PV panel 
porosity: 5%, 10% and 15%.  The porosity is defined herein as the ratio of the void area 
to the overall area encompassing the PV panels.  The resulting model configurations are 
listed in Table 3.1, and shown in Figure 3.7. 
 
Table 3.1 Definition of Model Configurations 
 










.  The pitch angle and the wind direction are defined in Figure 3.8. 
 
 
Model  Arrangement  Porosity (%) L (in) B (in) Aref (in
2
)  





      
2 A2 5 8.43 8 67.5  
3 A2 10 8.93 8 71.5 
4 A2 15 9.43 8 75.5 
       
       
5 A3 5 8.25 8.25 68.0  
6 A3 10 8.43 8.43 71.2 
7 A3 15 8.68 8.68 75.5 
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3.1.5 DATA ACQUISITION 
For each tested case, the force measurement was carried out over a period of 120 seconds 
and the data was acquired at a sampling rate of 1000 samples per second.  Thus, the 
obtained data records comprised of 120,000 data points, for each data channel.  These 
data were subsequently used to calculate the mean and the standard deviation, and to 
extract the maximum and minimum values of the coefficients of the wind induced drag 
and lift forces, and the pitching moment exerted on the tested PVT.  Two repetitions of 
the measurements were carried out for each test configuration.  The obtained 
experimental results were used in a comparative analysis described in Chapter 4. 
 
3.2 ANALYTICAL BACKGROUND 
Figure 3.8 shows the Cartesian coordinate system and the force components considered 
in this study.  The drag and lift forces, and the pitching moment were obtained from the 
force balance measurements and they were used to calculate the drag, lift, normal force, 









































         [3.4] 
where,  
xF  = force measured along the x – axis 
zF  = LF  = force measure along the z – axis; lift force 
    sincos  yxD FFF                                                                                          [3.5] 
= drag force (force along the wind direction)                 
yF  = force measured along the y – axis 
    cossin  zxN FFF                                                                                        [3.6] 
= normal force (force perpendicular to the PV surface, positive towards the exposed 
PV surface, see Figure 3.8(b))  
H xyby FMM                                                                                                         [3.7] 
= pitching moment (moment about the pivot axis, see Figure 3.8(a)) 
ybM    = base pitching moment (moment about the y-axis as obtained from HFFB); 
    = mass density of air; 
HV     = hourly mean wind speed at model pivot height; 
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refA = reference area of PV panel surface (actual area enclosed by PV panel, see Table 
3.1); and,  
B   = reference length (side dimension ‘B’ of PVT, see Figure 3.7). 
H   = Height of pivot axis of PVT model = 5.5in. 
The wind speed HV  at the height of the pivot axis was calculated using the power law 















VVH          [3.8] 
where, 
refV = reference wind speed measured at reference height of 1 meter above the wind 
tunnel floor; 
refZ = reference height = 1m; and   
   = power law exponent of the modeled mean wind profile. 
 
The force and moment coefficients in Eqs. [3.1] through [3.4], are discussed in the next 
chapter.  They are used as the basis for discussion of the effects of the wind direction, 







4. RESULTS AND DISCUSSION 
4.1 COMPARISON OF REPRESENTATIVE RESULTS WITH DATA REPORTED IN OPEN 
LITERATURE 
Representative results obtained during the present study – the mean force coefficients 
along x-axis ( FxC ) and z-axis ( FzC ), and the mean pitching moment coefficients ( MyC ) 
acquired for pitch angle of 45
o 
and two porosities (5% and 10%) – are compared with the 
results reported by Peterka et al. [9] for a three-panel heliostat of 8.7% porosity, shown in 
Figure 4.1.  For each value of the porosity, the data is displayed for two arrangements of 
the PV panels: twin arrangement (A2) comprising of two rectangular vertical panels and 
quadruple arrangement (A3) comprising of four square panels of the same overall area as 
that of arrangement A2.  Figures 4.2 and 4.3 compare the data obtained from the present 
study (of the twin and quadruple arrangements) with the results reported in [9] and 
denoted as CSU-85, for pitch angle of 45
o
.  It can be seen that FxC , FzC  and MyC  obtained 
during the present and past studies [9], vary with the wind direction in a similar manner.  
FxC  (for both the arrangements) are found to be close to those reported in [9].  FzC  
obtained in the present study for 5% porosity are similar to those of CSU-85, whereas 
they are larger for the 10% porosity.  Similar trends are observed for the MyC .  Though 
the CSU-85 coefficients are close to those of the present 5% porosity results, lower 
values of the CSU-85 data exhibited at some wind directions are attributed to the uniform 
spatial distribution of openings in the CSU-85 PV panel assembly. 
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4.2 EFFECTS OF POROSITY ON WIND LOADS 
After validation of the obtained results with data from past tests has been completed, the 
drag ( DC ), lift ( LC ), normal force ( FNC ), and the pitching moment ( MyC ) coefficients 
were analyzed, to assess the effects of the porosity and the PVT configurations i.e. the PV 
panel arrangement, wind direction and pitch angle.  The effect of the wind direction for 
the 30
o
 inclined solid (Model 1, 0% porosity) and porous models (Models 3 & 6, 10% 
porosity) are discussed first.  Subsequently, the effects of the pitch angle, for the same 
representative models (0% and 10% porosity), are analyzed for 0
o
 wind direction.  In the 
above comparisons, the twin and quadruple arrangements of PV panels are considered for 
the porous models.  To evaluate the relative effects of the PV panel porosity (p), the 
mean, standard deviation and peak force, and the moment coefficients obtained for the 
porous PVT models were normalized using results obtained for the solid PVT (Model 1, 
0% porosity).   
The obtained mean, standard deviation and peak (non-dimensional) reduction factors,













) and the two PV panel arrangements: arrangement 
A2 (twin PV modules) and arrangement A3 (quadruple PV modules).  For each case an 
average fit (over the considered pitch angles) of the load reduction factor Fγ  is included 
in the plots.  A full listing of the statistical properties of wind load coefficients obtained 




4.2.1 DRAG FORCE 
Drag force coefficients ( DC ) calculated for porous models: Model 3 and Model 6 (10% 
porosity) are compared with the solid model (Model 1, 0% porosity).  Representative 
comparisons of these coefficients are presented in Figures 4.4 and 4.5.  It can be seen that 
for all the wind directions the mean ( DC ), standard deviation ( DC
~
) and peak ( DĈ ) 
coefficients for the porous models are lower than those for the solid model.  Similar 
effects of the model porosity were found for the remaining configurations.  
Representative comparisons for wind direction of 0
o 
and varying pitch angles are 
presented in Figures 4.6 and 4.7, respectively, for the twin and quadruple arrangements of 
PV panels.  It can be seen that for higher values of pitch angles the differences in the drag 
force coefficients, obtained for the porous and the solid models, are bigger. 
The drag force reduction factors ( D ) obtained for the twin and quadruple PV panel 





Plots pertaining to the twin arrangement show that with an increasing porosity the 
average fits of the mean drag force reduction factor are found to have decreased by 10% 
(Figure 4.8).  Similar effects of porosity are exhibited by the standard deviation and the 
peak reduction factors, with decrements of about 15~20%.  Comparisons of the average 
fits of the drag force reduction factors obtained for the quadruple PV panel configuration, 




4.2.2 LIFT FORCE 
The effects of the PV panel porosity and wind direction on the lift force coefficient ( LC ) 
are depicted in Figures 4.12 and 4.13, for a pitch angle of 30
o
.  The lift force coefficient is 





, and the lowest for the 90
o 
wind direction, as expected.  The mean, standard 
deviation and peak values obtained for both the twin and quadruple arrangements are 
found to be lower for the porous models.  The lift force coefficient dependence on the 
pitch angle, for wind direction of 0
o
, is shown in Figures 4.14 and 4.15, respectively for 
PV panel arrangements A2 and A3.  It is observed that for either of the arrangements, the 
mean, standard deviation and the peak coefficients attain the highest value at a pitch 
angle of 30
o
.  Reduction in the lift force coefficient is exhibited by porous models for all 
the considered pitch angles.  The degree of this reduction is quantified next by examining 
the lift force reduction factor. 
Plots of lift force reduction factor ( L ), for three porosity levels and PV panel 
arrangement A2, are shown in Figures 4.16 and 4.17.  It can be seen that a reduction up to 
25% can be achieved, for the average fits (over the considered pitch angles) when 
porosity is introduced.  The effects of porosity, for arrangement A3 are displayed in 
Figures 4.18 and 4.19.  It can be seen that in this case, introduction of porosity leads to 
smaller reductions in the lift force up to 15%.  For wind direction of 180
o
 the displayed 
results, obtained for arrangements A2 and A3, indicate that the porosity effects are highly 
dependent on the pitch angle and they range from beneficial through adverse.  A 
comparison of the lift force reduction factors obtained for both the arrangements indicates 
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that the porous twin arrangements are more beneficial than the quadruple arrangements 
with similar porosity levels. 
4.2.3 NORMAL FORCE 
To have a better understanding of the net force ( NF ) acting perpendicular to the PV 
surface, the normal force coefficient ( FNC ) was calculated using Eq. 3.3.  In the 
following discussion, the normal force is considered to be positive when acting towards 
the exposed PV surface, see Figure 3.8 (b). 
Figures 4.20 and 4.21 illustrate the effects of porosity and wind direction on the normal 
force coefficient, for PVT models with pitch angle of 30
o
.  It is observed that regardless 
of the arrangement of the PV panels, the porous models exhibit lower values of FNC  
than 
the solid model.  The results obtained for the wind direction of 0
o
, presented in Figures 
4.22 and 4.23, reveal the reduction in FNC  as a function of the pitch angles as the 
porosity is introduced.  It is observed that as the pitch angle is increased,
 
FNC  increases 
gradually up to the pitch angle of 45
o
 and then it remains approximately constant.  The 
effects of porosity on FNC  are more significant for higher pitch angles. These effects are 









) in Figures 4.24 through 4.27. 
It can be seen that for wind direction of 0
o
 introduction of porosity leads to a reduction of 
20% in mean normal force coefficient ( FNC ), for both the considered PV panel 
arrangements (A2 and A3).  The standard deviation and the peak values of the normal 
force reduction factors are found to be reduced by 15 ~ 20% for the twin arrangement 
 19 
(A2) and by 10% for the quadruple arrangement (A3).  As it was in case of the lift force 
reduction factors, for wind direction of 180
o
, the effects of porosity on normal force 
reduction factors are found to be strongly dependent on the pitch angle.   
 4.2.4 PITCHING MOMENT 
 The absolute values of the obtained pitching moment coefficient,
MyC , calculated using 
Eq. 3.4 is discussed herein.  As expected, the maximum pitching moment coefficient is 





Figure 4.28.  Reductions in the mean and fluctuating values of MyC  are observed as the 
porosity is increased, for all of the monitored wind directions with the exception of 90
o
.  
Similar dependencies were observed for the quadruple PV panel arrangement (A3), see 
Figure 4.29.  In Figures 4.30 and 4.31 the effects of the porosity and the pitch angle on
MyC , for wind direction 0
o
 are respectively shown for arrangements A2 and A3.  It is 
seen that the largest value of the pitching moment is attained at the pitch angle of 30
o
.  It 
should be noted that the largest value of the lift force coefficient was also obtained at this 
pitch angle, as discussed in Section 4.2.2.   
The average fit of the pitching moment reduction factors ( My ) presented in Figures 4.32 
through 4.35 indicated that with the PV panel arrangement A2, for wind direction of 0
o
, 
the pitching moment was significantly reduced up to 35%.  When moderate levels of 
porosity were introduced, the reduction factors obtained for PV panel arrangement A3, 
did not indicate benefits of the increasing panel porosity.   
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4.3 NORMAL FORCE COMPARISON WITH ASCE 7-05 WIND LOADING PROVISION 
Approximate loading on a PVT system can be determined using the building standards, 
such as ASCE 7-05, [2].  When ASCE 7-05 is used, a PVT system is typically idealized 
as a monoslope free roof.  For a generic tracker (approximated as a monoslope roof), of 
prototype dimensions of 16 ft x 16 ft (with 0% porosity) and 11 ft elevation (height of 
pivot axis above ground), the net pressure coefficients can be obtained from Figure 6-
18A of ASCE 7-05.  Subsequently, these values can be used to calculate the normal force 
on the PVT system, associated with a specific basic (design) wind speed, 33V .  ASCE 7-
05 defines the basic wind speed as a 3-sec gust, at 33 ft height (above ground) in wind 
exposure category C.  Thus the ASCE basic wind speed cannot be directly used to 
calculate the wind forces using the force coefficients based on the reference average wind 
speed.  It needs to be converted to hourly mean wind speed, at the pivot height of the 
PVT.  For comparison purpose, design wind speed of 90 mph is assumed hereafter 
mph90V33                                               [4.1] 






V 3333                                 [4.2]
 
Using the terrain exposure constants from Table 6-2 of ASCE 7-05, the hourly mean 

























             [4.3]
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This design wind speed is used along with the normal force coefficients to obtain the 
design wind loads 
     FNref Cq AFN                      [4.4]
 
where, 
  2HV0.00256q  = the design pressure corresponding to mean hourly wind speed at PVT 
pivot height 
refA = prototype reference area of solid PVT = 16ft x 16ft = 256 ft
2
 
The results of the above calculations along with the design loads obtained from ASCE 7-




 are shown in Figure 
4.36.  The details of the above calculations are presented in Appendix B.  Prototype 
design loads calculated from the standard are obtained for load cases A and B, and for 
clear wind flow referred in ASCE 7-05.  While there is no discussion describing the two 
load cases, load cases A and B in ASCE 7-05 pertain to fluctuating loads and represent 
the upper and lower limits of the instantaneous wind load.  It can be seen that the normal 
force calculated using the ASCE7-05 wind loading provision, and the peak normal 
loadings obtained from wind tunnel tests, are of comparable magnitudes and exhibit 







5. CONCLUSIONS AND RECOMMENDATIONS 
5.1 CONCLUSIONS 
The key outcomes of the experimental study are: 
1. The mean force (along x and z axes) and pitching moment coefficients obtained 
during the wind tunnel study for twin arrangement (A2) of PV panels were in a 
good agreement with the results of a prior related investigation.  
2. The drag force coefficient was reduced when PV panel porosity was introduced.  
The peak and standard deviation values exhibited higher levels of the reduction 
than the mean values. 
3.  The lift force coefficient was the largest at 30o pitch angle for 0o and 180o wind 
directions.  Relatively weak impact of the PV panel porosity, for wind direction of 
180
o
, was found on the mean, standard deviation and peak lift force coefficients.  
Lift force on the porous models at wind direction of 0
o
 was lower than that on the 
non-porous model. 
4. Normal force coefficients for the porous models decreased with an increasing 
porosity. These reductions for the mean and fluctuating components were more 
pronounced for wind direction of 0
o
 than for 180
o
.  The porosity effects were 
small for the quadruple arrangement of PV panels.  
5. The pitching moment coefficient exhibited a maximum reduction of 35%, for the 
twin arrangement of PV panels.  Minimal reduction in pitching moments was 
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observed for PV panels with quadruple arrangement.  The pitching moment was 
found to be highest for the PVT pitch angle of 30
o
, for wind flowing normal to the 
pivot axis. 
6. Introduction of porosity was not effective in reduction of wind forces on the 
tracker with quadruple arranged PV panels. 
7. Design wind loads were calculated for the prototype scale of PVT using the 
normal force coefficients obtained from the wind tunnel tests and compared with 




 wind directions.  The peak design 
forces from wind tunnel results were found to be in good agreement with the 
ASCE 7-05 based design loads.   
 
5.2 RECOMMENDATIONS 
In view of the above findings, the following recommendations for further work are 
proposed: 
1. The effects of higher porosities on PVT system should be explored in order to 
further investigate the reduction in wind loads.  New PV panel arrangements, such 
as arranging the PV panels in three and more columns, to accommodate higher 
porosity levels are recommended.  Inclusion of aerodynamic fairings to break the 
flow of wind over the PV panel edges should be investigated. 
2. In future studies, torque transducers should be employed to directly measure the 
pitching moment at the tracker pivot height. 
3. Studies of wind loading on trackers could be aided by using differential pressure 
measurements, to map the localized wind loads. 
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4. It is recommended that wind tunnel tests be carried out for a broad range of wind 
speeds to evaluate the Reynolds number effects on the loading measured on small 
porous models. 
5. Future tests should incorporate field studies for isolated trackers, and trackers 
surrounding the instrumented tracker model in array arrangements. 
6. Experimental investigations could be supplemented by parametric simulations 










Figure 1.1 Examples of installations of ground mounted photovoltaic trackers (PVT),    










Figure 3.1 Layout of Meteorological Wind Tunnel at Wind Engineering and Fluids 










     
















































Figure 3.4 High frequency force balance 



























Figure 3.7 PVT configurations and porosities of PV panel assembly 
A1: Single A2: Twin A3: Quadruple 































Figure 4.2 Comparison of mean (a) force along x-axis, (b) force along z-axis and (c) 
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Figure 4.3 Comparison of mean (a) force along x-axis, (b) force along z-axis and (c) 
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Figure 4.4 Effects of porosity on (a) mean, (b) standard deviation and (c) peak drag force 
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Figure 4.5 Effects of porosity on (a) mean, (b) standard deviation and (c) peak drag force 
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Figure 4.6 Effects of porosity on (a) mean, (b) standard deviation and (c) peak drag force 
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Figure 4.7 Effects of porosity on (a) mean, (b) standard deviation and (c) peak drag force 
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Figure 4.8 Drag force reduction factor: (a) mean, (b) standard deviation and (c) peak, 

















































Figure 4.9 Drag force reduction factor: (a) mean, (b) standard deviation and (c) peak, 


















































Figure 4.10 Drag force reduction factor: (a) mean, (b) standard deviation and (c) peak, 



















































Figure 4.11 Drag force reduction factor: (a) mean, (b) standard deviation and (c) peak, 














































Figure 4.12 Effects of porosity on (a) mean, (b) standard deviation and (c) peak lift force 
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Figure 4.13 Effects of porosity on (a) mean, (b) standard deviation and (c) peak lift force 
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Figure 4.14 Effects of porosity on (a) mean, (b) standard deviation and (c) peak lift force 
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Figure 4.15 Effects of porosity on (a) mean, (b) standard deviation and (c) peak lift force 
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Figure 4.16 Lift force reduction factor: (a) mean, (b) standard deviation and (c) peak, 






















































Figure 4.17 Lift force reduction factor: (a) mean, (b) standard deviation and (c) peak, 






















































Figure 4.18 Lift force reduction factor: (a) mean, (b) standard deviation and (c) peak, 

















































Figure 4.19 Lift force reduction factor: (a) mean, (b) standard deviation and (c) peak, 













































Figure 4.20 Effects of porosity on (a) mean, (b) standard deviation and (c) peak normal 







0 30 60 90 120 150 180
0
0.5






0 30 60 90 120 150 180





















Figure 4.21 Effects of porosity on (a) mean, (b) standard deviation and (c) peak normal 
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Figure 4.22 Effects of porosity on (a) mean, (b) standard deviation and (c) peak normal 


















0 15 30 45 60 75 90




















Figure 4.23 Effects of porosity on (a) mean, (b) standard deviation and (c) peak normal 
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Figure 4.24 Normal force reduction factor: (a) mean, (b) standard deviation and (c) peak, 

















































Figure 4.25 Normal force reduction factor: (a) mean, (b) standard deviation and (c) peak, 
















































Figure 4.26 Normal force reduction factor: (a) mean, (b) standard deviation and (c) peak, 

















































Figure 4.27 Normal force reduction factor: (a) mean, (b) standard deviation and (c) peak, 












































Figure 4.28 Effects of porosity on (a) mean, (b) standard deviation and (c) peak pitching 
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Figure 4.29 Effects of porosity on (a) mean, (b) standard deviation and (c) peak pitching 
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Figure 4.30 Effects of porosity on (a) mean, (b) standard deviation and (c) peak pitching 
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Figure 4.31 Effects of porosity on (a) mean, (b) standard deviation and (c) peak pitching 
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Figure 4.32 Pitching moment reduction factor: (a) mean, (b) standard deviation and (c) 





















































Figure 4.33 Pitching moment reduction factor: (a) mean, (b) standard deviation and (c) 




















































Figure 4.34 Pitching moment reduction factor: (a) mean, (b) standard deviation and (c) 



















































Figure 4.35 Pitching moment reduction factor: (a) mean, (b) standard deviation and (c) 
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A1. DRAG AND LIFT FORCE COEFFICIENTS 
 

















0 0 1.09 0.14 -0.75 0.19 0.95 0.02 -1.04 0.23 
0 30 0.95 0.17 -0.49 0.16 1.10 0.09 -1.05 0.23 
0 45 0.99 0.18 -0.53 0.16 1.06 0.07 -1.04 0.23 
0 60 1.18 0.18 -0.72 0.18 1.07 0.07 -1.18 0.25 
0 90 1.11 0.20 -0.61 0.18 1.20 0.37 -0.58 0.19 
0 120 1.06 0.16 -0.50 0.17 1.06 0.08 -1.01 0.21 
0 135 1.01 0.16 -0.58 0.16 1.03 0.08 -1.04 0.23 
0 150 1.03 0.15 -0.58 0.19 1.18 0.07 -1.27 0.24 
0 180 1.14 0.12 -0.74 0.18 0.98 0.03 -1.03 0.22 
15 0 1.05 0.25 -0.33 0.15 0.65 -0.41 -1.83 0.32 
15 30 0.94 0.23 -0.30 0.14 0.76 -0.35 -1.86 0.31 
15 45 0.95 0.22 -0.31 0.14 0.82 -0.30 -1.64 0.28 
15 60 0.95 0.19 -0.43 0.15 0.89 -0.16 -1.46 0.26 
15 90 1.07 0.14 -0.71 0.18 0.92 0.05 -0.93 0.21 
15 120 1.03 0.20 -0.58 0.19 1.52 0.35 -0.72 0.21 
15 135 1.15 0.23 -0.53 0.18 1.47 0.46 -0.52 0.23 
15 150 1.23 0.22 -0.62 0.19 1.64 0.54 -0.44 0.21 
15 180 1.34 0.21 -0.77 0.21 1.55 0.46 -0.44 0.22 
30 0 1.80 0.56 -0.21 0.26 0.49 -0.89 -2.65 0.42 
30 30 1.57 0.45 -0.39 0.24 0.61 -0.74 -2.63 0.39 
30 45 1.22 0.33 -0.31 0.18 0.57 -0.55 -2.11 0.33 
30 60 1.08 0.24 -0.45 0.17 0.76 -0.37 -1.94 0.29 
30 90 1.03 0.12 -0.66 0.18 0.92 0.00 -1.01 0.20 
30 120 1.25 0.28 -0.48 0.19 1.62 0.47 -0.50 0.24 
30 135 1.54 0.41 -0.41 0.24 2.02 0.68 -0.46 0.27 
30 150 1.85 0.50 -0.51 0.26 2.17 0.87 -0.20 0.29 
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30 180 2.00 0.49 -0.54 0.28 1.82 0.74 -0.30 0.25 
45 0 2.76 1.02 -0.08 0.37 0.34 -0.93 -2.51 0.36 
45 30 2.49 0.84 -0.19 0.33 0.52 -0.82 -2.50 0.37 
45 45 1.88 0.59 -0.27 0.26 0.56 -0.66 -2.23 0.34 
45 60 1.28 0.37 -0.38 0.20 0.63 -0.43 -1.84 0.29 
45 90 1.00 0.15 -0.53 0.17 1.10 0.08 -0.85 0.21 
45 120 1.60 0.42 -0.42 0.22 1.75 0.60 -0.44 0.25 
45 135 1.94 0.64 -0.44 0.28 1.93 0.74 -0.36 0.27 
45 150 2.10 0.71 -0.34 0.29 1.79 0.69 -0.31 0.24 
45 180 2.40 0.77 -0.34 0.32 1.76 0.67 -0.34 0.24 
60 0 3.70 1.25 -0.16 0.46 0.38 -0.66 -2.10 0.30 
60 30 2.93 1.02 -0.22 0.38 0.36 -0.63 -1.99 0.29 
60 45 2.13 0.75 -0.24 0.31 0.45 -0.60 -1.89 0.28 
60 60 1.60 0.44 -0.44 0.23 0.53 -0.41 -1.60 0.24 
60 90 0.93 0.14 -0.52 0.15 0.82 0.03 -0.73 0.18 
60 120 1.75 0.53 -0.28 0.23 1.32 0.45 -0.40 0.21 
60 135 2.03 0.73 -0.24 0.27 1.38 0.50 -0.39 0.21 
60 150 2.40 0.84 -0.22 0.33 1.91 1.00 0.14 0.22 
60 180 2.75 0.95 -0.25 0.36 1.90 0.87 -0.09 0.22 
75 0 4.07 1.47 0.01 0.51 0.50 -0.24 -1.15 0.19 
75 30 3.13 1.17 -0.13 0.42 0.52 -0.26 -1.06 0.18 
75 45 2.46 0.87 -0.26 0.34 0.49 -0.24 -1.05 0.17 
75 60 1.69 0.53 -0.28 0.24 0.57 -0.18 -0.96 0.18 
75 90 0.77 0.15 -0.39 0.12 0.77 0.10 -0.53 0.14 
75 120 1.79 0.59 -0.26 0.24 1.01 0.34 -0.35 0.16 
75 135 2.35 0.83 -0.11 0.30 1.05 0.36 -0.30 0.16 
75 150 2.78 1.01 -0.06 0.36 1.03 0.37 -0.29 0.15 
75 180 2.99 1.18 -0.09 0.41 1.04 0.35 -0.32 0.16 
90 0 3.90 1.45 -0.05 0.50 0.62 0.02 -0.58 0.14 
90 30 3.10 1.21 -0.11 0.42 0.64 0.07 -0.51 0.13 
90 45 2.64 0.88 -0.18 0.34 0.66 0.04 -0.54 0.14 
90 60 1.90 0.54 -0.32 0.24 0.60 0.00 -0.61 0.13 
90 90 0.71 0.11 -0.36 0.11 0.59 0.03 -0.62 0.14 
90 120 1.77 0.56 -0.26 0.24 0.69 0.08 -0.52 0.14 
90 135 2.30 0.87 -0.13 0.31 0.68 0.11 -0.46 0.14 
90 150 2.98 1.11 -0.13 0.40 0.76 0.16 -0.44 0.14 
90 180 3.54 1.25 -0.19 0.47 0.76 0.12 -0.48 0.14 
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0 0 0.97 0.21 -0.44 0.14 1.22 0.32 -0.58 0.20 
0 30 0.90 0.17 -0.43 0.14 1.05 0.06 -0.99 0.22 
0 45 0.93 0.16 -0.44 0.15 0.97 0.03 -1.04 0.21 
0 60 1.10 0.16 -0.61 0.17 0.96 0.03 -1.00 0.22 
0 90 1.05 0.13 -0.74 0.20 0.91 0.01 -0.91 0.20 
0 120 1.09 0.15 -0.53 0.16 0.92 0.06 -0.96 0.21 
0 135 0.89 0.15 -0.45 0.14 1.09 0.06 -1.01 0.21 
0 150 0.87 0.13 -0.49 0.14 1.02 0.05 -1.02 0.21 
0 180 1.01 0.11 -0.63 0.14 0.93 0.02 -1.02 0.20 
15 0 1.01 0.21 -0.36 0.15 0.58 -0.38 -1.58 0.27 
15 30 1.01 0.28 -0.27 0.14 0.61 -0.35 -1.56 0.26 
15 45 1.02 0.25 -0.32 0.15 0.67 -0.27 -1.47 0.25 
15 60 1.10 0.19 -0.49 0.16 0.73 -0.18 -1.36 0.23 
15 90 1.08 0.19 -0.52 0.17 1.14 0.25 -0.74 0.20 
15 120 1.08 0.20 -0.57 0.17 1.47 0.48 -0.47 0.20 
15 135 1.17 0.22 -0.48 0.17 1.55 0.50 -0.49 0.20 
15 150 1.15 0.22 -0.49 0.18 1.50 0.56 -0.32 0.20 
15 180 1.24 0.21 -0.54 0.19 1.46 0.46 -0.42 0.20 
30 0 1.70 0.58 -0.15 0.23 0.43 -0.82 -2.40 0.38 
30 30 1.49 0.49 -0.15 0.20 0.46 -0.63 -2.14 0.35 
30 45 1.22 0.33 -0.34 0.18 0.54 -0.49 -1.83 0.31 
30 60 1.17 0.23 -0.45 0.17 0.75 -0.26 -1.54 0.27 
30 90 1.02 0.15 -0.59 0.17 0.94 0.05 -0.92 0.19 
30 120 1.25 0.28 -0.46 0.18 1.56 0.47 -0.48 0.22 
30 135 1.54 0.40 -0.41 0.21 1.83 0.66 -0.27 0.24 
30 150 1.92 0.50 -0.36 0.24 1.93 0.74 -0.24 0.25 
30 180 2.10 0.53 -0.68 0.26 1.94 0.73 -0.17 0.24 
45 0 2.72 0.93 -0.08 0.36 0.36 -0.84 -2.42 0.36 
45 30 2.43 0.79 -0.20 0.32 0.43 -0.79 -2.40 0.36 
45 45 1.77 0.57 -0.29 0.25 0.45 -0.64 -2.01 0.31 
45 60 1.30 0.34 -0.54 0.20 0.56 -0.41 -1.63 0.27 
45 90 0.92 0.14 -0.57 0.17 1.00 0.08 -0.79 0.19 
45 120 1.54 0.41 -0.45 0.21 1.62 0.56 -0.35 0.22 
45 135 1.88 0.59 -0.34 0.25 1.78 0.65 -0.27 0.22 
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45 150 2.18 0.70 -0.20 0.28 1.69 0.67 -0.20 0.22 
45 180 2.23 0.73 -0.30 0.30 1.58 0.65 -0.22 0.21 
60 0 3.25 1.19 -0.04 0.44 0.40 -0.56 -1.83 0.27 
60 30 3.08 1.01 -0.09 0.38 0.49 -0.58 -1.81 0.27 
60 45 2.09 0.73 -0.33 0.31 0.48 -0.52 -1.62 0.26 
60 60 1.46 0.42 -0.44 0.23 0.54 -0.37 -1.46 0.23 
60 90 0.86 0.13 -0.47 0.15 0.89 0.08 -0.67 0.17 
60 120 1.66 0.50 -0.34 0.23 1.27 0.42 -0.36 0.19 
60 135 2.00 0.70 -0.25 0.28 1.36 0.46 -0.33 0.19 
60 150 2.33 0.86 -0.08 0.31 1.41 0.53 -0.27 0.19 
60 180 2.60 0.94 -0.18 0.36 1.66 0.75 -0.03 0.20 
75 0 3.66 1.36 0.06 0.47 0.41 -0.28 -1.11 0.18 
75 30 3.06 1.18 -0.06 0.41 0.49 -0.21 -1.02 0.18 
75 45 2.58 0.81 -0.22 0.33 0.39 -0.27 -1.09 0.17 
75 60 1.73 0.45 -0.35 0.23 0.47 -0.18 -0.96 0.17 
75 90 0.68 0.13 -0.36 0.12 0.70 0.08 -0.47 0.13 
75 120 1.73 0.51 -0.22 0.22 1.04 0.44 -0.14 0.14 
75 135 2.13 0.77 -0.15 0.30 1.10 0.35 -0.29 0.15 
75 150 2.63 0.95 -0.19 0.35 1.20 0.44 -0.24 0.15 
75 180 2.91 1.05 -0.06 0.37 1.09 0.37 -0.28 0.15 
90 0 3.79 1.49 0.08 0.49 0.54 0.03 -0.51 0.11 
90 30 3.27 1.23 0.05 0.41 0.61 0.11 -0.36 0.11 
90 45 2.43 0.89 -0.08 0.34 0.57 0.04 -0.50 0.11 
90 60 1.60 0.52 -0.23 0.22 0.62 0.09 -0.47 0.12 
90 90 0.62 0.13 -0.32 0.11 0.64 0.09 -0.44 0.12 
90 120 1.72 0.57 -0.29 0.24 0.79 0.20 -0.37 0.13 
90 135 2.41 0.81 -0.19 0.31 0.79 0.27 -0.29 0.12 
90 150 2.90 1.01 -0.12 0.37 0.85 0.33 -0.23 0.12 
























0 0 0.89 0.19 -0.37 0.13 0.97 0.24 -0.71 0.18 
0 30 0.98 0.29 -0.26 0.14 1.14 0.34 -0.63 0.20 
0 45 1.12 0.32 -0.32 0.15 1.33 0.40 -0.55 0.20 
0 60 0.91 0.16 -0.53 0.16 1.01 0.06 -0.94 0.20 
0 90 1.18 0.15 -0.68 0.18 0.86 0.08 -0.76 0.18 
0 120 1.12 0.17 -0.55 0.17 0.98 0.15 -0.73 0.19 
0 135 0.85 0.15 -0.47 0.15 0.94 0.08 -0.80 0.19 
0 150 0.77 0.13 -0.42 0.13 0.99 0.11 -0.84 0.19 
0 180 0.73 0.09 -0.55 0.14 0.90 0.10 -0.80 0.18 
15 0 0.95 0.22 -0.34 0.14 0.70 -0.18 -1.38 0.25 
15 30 0.93 0.24 -0.37 0.14 0.70 -0.16 -1.31 0.24 
15 45 0.92 0.20 -0.42 0.15 0.73 -0.15 -1.28 0.23 
15 60 1.03 0.19 -0.48 0.17 0.73 -0.13 -1.23 0.21 
15 90 0.97 0.12 -0.59 0.16 0.86 0.03 -0.78 0.18 
15 120 0.96 0.16 -0.60 0.16 1.12 0.25 -0.61 0.19 
15 135 0.94 0.20 -0.40 0.15 1.49 0.55 -0.25 0.19 
15 150 1.04 0.20 -0.44 0.15 1.46 0.53 -0.30 0.19 
15 180 1.06 0.19 -0.50 0.16 1.41 0.45 -0.34 0.19 
30 0 1.70 0.59 -0.17 0.24 0.52 -0.64 -2.22 0.36 
30 30 1.58 0.54 -0.23 0.21 0.71 -0.40 -1.97 0.34 
30 45 1.33 0.45 -0.22 0.18 0.86 -0.22 -1.61 0.29 
30 60 1.23 0.23 -0.59 0.18 0.64 -0.28 -1.44 0.24 
30 90 1.01 0.15 -0.55 0.16 0.91 0.09 -0.78 0.18 
30 120 1.15 0.29 -0.43 0.18 1.63 0.54 -0.37 0.22 
30 135 1.44 0.40 -0.43 0.20 1.92 0.73 -0.14 0.23 
30 150 1.77 0.45 -0.39 0.22 1.97 0.81 -0.13 0.23 
30 180 1.78 0.50 -0.41 0.25 1.89 0.74 -0.22 0.24 
45 0 2.46 0.89 -0.11 0.35 0.36 -0.77 -2.29 0.34 
45 30 2.28 0.77 -0.25 0.31 0.46 -0.64 -2.18 0.33 
45 45 1.80 0.53 -0.30 0.24 0.53 -0.54 -1.88 0.30 
45 60 1.38 0.34 -0.47 0.21 0.52 -0.37 -1.44 0.24 
45 90 1.02 0.14 -0.54 0.16 0.92 0.05 -0.73 0.18 
45 120 1.36 0.38 -0.37 0.20 1.48 0.47 -0.38 0.20 
45 135 1.73 0.54 -0.20 0.23 1.70 0.83 -0.02 0.20 
45 150 2.06 0.63 -0.23 0.26 1.77 0.83 0.01 0.20 
45 180 2.10 0.71 -0.34 0.28 1.76 0.75 -0.05 0.20 
60 0 3.06 1.11 -0.08 0.41 0.38 -0.49 -1.55 0.25 
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60 30 2.76 0.96 -0.24 0.36 0.39 -0.50 -1.82 0.25 
60 45 2.24 0.73 -0.19 0.30 0.48 -0.40 -1.52 0.25 
60 60 1.54 0.44 -0.36 0.22 0.63 -0.21 -1.22 0.21 
60 90 0.84 0.14 -0.48 0.15 0.80 0.08 -0.64 0.15 
60 120 1.49 0.47 -0.29 0.21 1.34 0.52 -0.23 0.17 
60 135 1.92 0.63 -0.17 0.25 1.47 0.68 0.02 0.17 
60 150 2.23 0.82 -0.18 0.30 1.34 0.53 -0.16 0.18 
60 180 2.42 0.91 -0.14 0.33 1.44 0.62 -0.09 0.19 
75 0 3.50 1.34 -0.02 0.46 0.39 -0.29 -1.08 0.17 
75 30 3.01 1.07 -0.14 0.39 0.49 -0.25 -0.99 0.17 
75 45 2.25 0.81 -0.15 0.32 0.41 -0.26 -1.01 0.17 
75 60 1.50 0.45 -0.40 0.22 0.42 -0.19 -0.97 0.16 
75 90 0.71 0.12 -0.39 0.12 0.60 0.05 -0.54 0.13 
75 120 1.62 0.50 -0.26 0.23 0.83 0.24 -0.33 0.13 
75 135 2.14 0.75 -0.11 0.28 0.95 0.31 -0.37 0.14 
75 150 2.49 0.92 -0.04 0.33 1.09 0.43 -0.16 0.14 
75 180 2.89 1.07 -0.02 0.36 1.01 0.43 -0.15 0.14 
90 0 3.68 1.32 0.00 0.46 0.55 0.10 -0.35 0.10 
90 30 3.15 1.15 -0.07 0.39 0.73 0.25 -0.24 0.11 
90 45 2.41 0.85 -0.15 0.32 0.54 0.06 -0.39 0.11 
90 60 1.57 0.49 -0.33 0.22 0.54 0.06 -0.45 0.11 
90 90 0.62 0.11 -0.32 0.11 0.51 0.06 -0.40 0.10 
90 120 1.57 0.51 -0.25 0.22 0.64 0.12 -0.38 0.11 
90 135 2.16 0.78 -0.19 0.29 0.78 0.29 -0.25 0.11 
90 150 2.51 0.96 -0.08 0.34 0.70 0.16 -0.36 0.11 


























0 0 0.81 0.17 -0.39 0.12 0.83 0.17 -0.50 0.14 
0 30 0.90 0.25 -0.29 0.12 0.93 0.25 -0.57 0.16 
0 45 0.81 0.16 -0.38 0.13 0.74 0.07 -0.75 0.17 
0 60 0.91 0.16 -0.50 0.16 0.89 0.11 -0.78 0.17 
0 90 1.06 0.12 -0.71 0.18 0.67 -0.03 -0.83 0.16 
0 120 1.03 0.15 -0.50 0.16 0.76 0.05 -0.75 0.16 
0 135 0.82 0.15 -0.46 0.14 0.83 0.09 -0.79 0.16 
0 150 0.76 0.13 -0.40 0.13 0.73 0.10 -0.64 0.16 
0 180 0.77 0.08 -0.45 0.12 0.74 0.10 -0.62 0.16 
15 0 0.85 0.20 -0.29 0.13 0.48 -0.29 -1.31 0.22 
15 30 0.85 0.19 -0.29 0.13 0.50 -0.25 -1.27 0.21 
15 45 0.99 0.19 -0.48 0.15 0.56 -0.20 -1.11 0.20 
15 60 1.00 0.16 -0.62 0.16 0.66 -0.10 -1.06 0.19 
15 90 1.11 0.13 -0.74 0.18 0.81 0.07 -0.70 0.16 
15 120 0.98 0.17 -0.48 0.16 1.06 0.24 -0.58 0.17 
15 135 0.94 0.19 -0.43 0.15 1.14 0.34 -0.42 0.16 
15 150 1.08 0.20 -0.51 0.15 1.11 0.37 -0.35 0.16 
15 180 1.03 0.18 -0.45 0.15 1.18 0.37 -0.32 0.17 
30 0 1.51 0.53 -0.14 0.22 0.33 -0.57 -1.99 0.31 
30 30 1.42 0.50 -0.20 0.20 0.51 -0.37 -1.57 0.28 
30 45 1.20 0.30 -0.37 0.19 0.43 -0.40 -1.52 0.24 
30 60 1.31 0.22 -0.59 0.20 0.54 -0.19 -1.19 0.21 
30 90 1.04 0.15 -0.67 0.18 0.89 0.10 -0.62 0.15 
30 120 1.31 0.28 -0.40 0.17 1.39 0.50 -0.20 0.19 
30 135 1.29 0.35 -0.43 0.19 1.44 0.60 -0.14 0.19 
30 150 1.43 0.40 -0.34 0.20 1.67 0.66 -0.05 0.19 
30 180 1.71 0.48 -0.29 0.22 1.74 0.68 -0.11 0.22 
45 0 2.35 0.84 -0.15 0.32 0.22 -0.74 -2.04 0.30 
45 30 2.09 0.66 -0.36 0.28 0.20 -0.65 -1.91 0.29 
45 45 1.62 0.47 -0.34 0.23 0.29 -0.53 -1.65 0.26 
45 60 1.39 0.31 -0.56 0.21 0.52 -0.29 -1.29 0.21 
45 90 0.93 0.11 -0.58 0.16 0.74 0.03 -0.62 0.14 
45 120 1.37 0.34 -0.39 0.19 1.23 0.42 -0.21 0.17 
45 135 1.74 0.51 -0.28 0.22 1.33 0.51 -0.16 0.17 
45 150 1.70 0.60 -0.37 0.23 1.37 0.57 -0.16 0.17 
45 180 1.99 0.63 -0.20 0.26 1.71 0.84 0.07 0.19 
60 0 2.81 1.12 -0.03 0.39 0.32 -0.47 -1.45 0.22 
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60 30 2.51 0.95 -0.03 0.33 0.40 -0.38 -1.38 0.21 
60 45 2.07 0.74 -0.12 0.28 0.49 -0.30 -1.29 0.21 
60 60 1.37 0.39 -0.38 0.21 0.40 -0.27 -1.18 0.19 
60 90 0.87 0.15 -0.46 0.14 0.77 0.12 -0.50 0.13 
60 120 1.54 0.45 -0.25 0.20 1.02 0.37 -0.16 0.14 
60 135 1.80 0.62 -0.13 0.24 1.06 0.44 -0.12 0.14 
60 150 2.12 0.76 -0.11 0.27 1.25 0.58 -0.04 0.15 
60 180 2.39 0.83 -0.07 0.30 1.38 0.66 0.01 0.16 
75 0 3.44 1.23 0.05 0.43 0.32 -0.30 -1.04 0.16 
75 30 2.81 1.00 -0.15 0.37 0.35 -0.27 -0.96 0.15 
75 45 2.29 0.73 -0.26 0.30 0.32 -0.24 -0.89 0.15 
75 60 1.55 0.41 -0.39 0.21 0.38 -0.18 -0.83 0.14 
75 90 0.71 0.11 -0.41 0.13 0.54 0.03 -0.47 0.12 
75 120 1.69 0.47 -0.27 0.22 0.71 0.20 -0.30 0.12 
75 135 2.02 0.71 -0.16 0.27 0.90 0.34 -0.20 0.12 
75 150 2.33 0.89 -0.05 0.31 0.95 0.37 -0.20 0.13 
75 180 2.95 1.04 0.07 0.34 0.93 0.36 -0.16 0.13 
90 0 3.47 1.35 0.07 0.43 0.69 0.23 -0.23 0.11 
90 30 2.82 1.08 -0.01 0.36 0.55 0.06 -0.47 0.11 
90 45 2.27 0.82 -0.10 0.30 0.56 0.04 -0.49 0.11 
90 60 1.52 0.46 -0.27 0.21 0.54 0.04 -0.43 0.11 
90 90 0.58 0.10 -0.31 0.11 0.55 0.03 -0.48 0.11 
90 120 1.60 0.51 -0.26 0.22 0.64 0.12 -0.34 0.11 
90 135 1.99 0.72 -0.12 0.26 0.60 0.13 -0.35 0.11 
90 150 2.59 0.93 -0.02 0.33 0.65 0.15 -0.32 0.11 


























0 0 1.00 0.14 -0.52 0.14 0.90 0.07 -0.85 0.20 
0 30 0.86 0.16 -0.41 0.13 1.10 0.09 -0.82 0.20 
0 45 0.87 0.16 -0.44 0.15 0.96 0.09 -0.84 0.20 
0 60 0.93 0.17 -0.57 0.16 0.95 0.08 -0.86 0.20 
0 90 1.02 0.14 -0.70 0.18 0.85 0.03 -0.89 0.19 
0 120 1.02 0.16 -0.52 0.16 0.97 0.04 -0.98 0.20 
0 135 0.80 0.15 -0.47 0.14 0.86 0.02 -1.00 0.21 
0 150 0.87 0.14 -0.42 0.13 0.94 0.01 -0.98 0.21 
0 180 0.91 0.11 -0.52 0.13 0.87 -0.02 -1.06 0.20 
15 0 1.08 0.23 -0.36 0.14 0.67 -0.34 -1.65 0.27 
15 30 1.04 0.21 -0.43 0.14 0.62 -0.32 -1.62 0.26 
15 45 0.92 0.20 -0.33 0.14 0.64 -0.26 -1.44 0.25 
15 60 0.95 0.19 -0.46 0.15 0.94 -0.10 -1.23 0.22 
15 90 1.07 0.15 -0.56 0.16 0.93 0.07 -0.82 0.18 
15 120 1.01 0.19 -0.53 0.17 1.26 0.28 -0.59 0.19 
15 135 1.00 0.21 -0.45 0.17 1.37 0.38 -0.53 0.20 
15 150 1.12 0.24 -0.45 0.18 1.44 0.44 -0.42 0.21 
15 180 1.27 0.22 -0.64 0.19 1.30 0.39 -0.48 0.20 
30 0 1.72 0.56 -0.24 0.25 0.49 -0.80 -2.56 0.38 
30 30 1.59 0.50 -0.14 0.21 0.46 -0.70 -2.36 0.35 
30 45 1.41 0.37 -0.27 0.18 0.47 -0.56 -1.99 0.31 
30 60 1.13 0.26 -0.42 0.17 0.59 -0.33 -1.50 0.25 
30 90 0.86 0.15 -0.50 0.15 1.02 0.07 -0.78 0.19 
30 120 1.25 0.28 -0.40 0.17 1.57 0.45 -0.41 0.21 
30 135 1.44 0.40 -0.32 0.20 1.68 0.62 -0.33 0.23 
30 150 1.85 0.50 -0.39 0.24 1.88 0.78 -0.19 0.24 
30 180 1.86 0.48 -0.41 0.25 1.74 0.70 -0.15 0.22 
45 0 2.55 0.91 -0.05 0.33 0.38 -0.81 -2.13 0.33 
45 30 2.14 0.77 -0.07 0.30 0.43 -0.72 -2.13 0.34 
45 45 1.78 0.59 -0.26 0.24 0.52 -0.55 -1.92 0.30 
45 60 1.47 0.33 -0.50 0.21 0.56 -0.44 -1.71 0.26 
45 90 0.90 0.14 -0.55 0.16 1.00 0.07 -0.84 0.19 
45 120 1.50 0.39 -0.37 0.20 1.65 0.55 -0.30 0.21 
45 135 1.75 0.56 -0.29 0.25 1.58 0.66 -0.23 0.22 
45 150 2.04 0.67 -0.29 0.27 1.71 0.69 -0.13 0.22 
45 180 2.49 0.73 -0.46 0.31 1.63 0.69 -0.15 0.22 
60 0 3.40 1.17 -0.12 0.44 0.40 -0.57 -1.72 0.26 
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60 30 2.96 1.01 -0.15 0.38 0.36 -0.57 -1.72 0.26 
60 45 2.23 0.77 -0.20 0.31 0.43 -0.50 -1.66 0.25 
60 60 1.74 0.46 -0.37 0.23 0.49 -0.36 -1.48 0.22 
60 90 0.82 0.14 -0.42 0.14 0.80 0.07 -0.71 0.16 
60 120 1.83 0.49 -0.30 0.22 1.31 0.45 -0.29 0.18 
60 135 1.91 0.66 -0.16 0.25 1.23 0.48 -0.21 0.17 
60 150 2.57 0.83 -0.23 0.31 1.43 0.53 -0.24 0.18 
60 180 2.70 0.94 -0.10 0.34 1.40 0.56 -0.18 0.18 
75 0 3.74 1.31 -0.01 0.47 0.45 -0.26 -1.12 0.19 
75 30 3.15 1.14 -0.07 0.41 0.51 -0.22 -1.08 0.18 
75 45 2.68 0.88 -0.14 0.33 0.51 -0.22 -1.05 0.17 
75 60 1.65 0.51 -0.29 0.23 0.52 -0.14 -0.85 0.16 
75 90 0.76 0.12 -0.41 0.13 0.60 0.00 -0.60 0.13 
75 120 1.55 0.49 -0.27 0.22 0.97 0.27 -0.33 0.14 
75 135 1.99 0.72 -0.17 0.28 1.00 0.31 -0.35 0.15 
75 150 2.77 0.95 -0.13 0.34 1.09 0.31 -0.33 0.15 
75 180 2.88 1.07 -0.06 0.39 1.01 0.34 -0.29 0.15 
90 0 3.74 1.39 0.05 0.50 0.67 0.12 -0.47 0.13 
90 30 3.33 1.22 0.02 0.41 0.72 0.15 -0.43 0.13 
90 45 2.66 0.94 -0.13 0.34 0.70 0.16 -0.37 0.12 
90 60 1.78 0.53 -0.28 0.23 0.55 0.00 -0.50 0.12 
90 90 0.65 0.11 -0.34 0.12 0.56 0.04 -0.46 0.12 
90 120 1.67 0.51 -0.27 0.23 0.63 0.10 -0.41 0.12 
90 135 2.05 0.76 -0.06 0.29 0.74 0.21 -0.28 0.12 
90 150 2.64 1.00 0.00 0.36 0.78 0.23 -0.34 0.12 


























0 0 0.91 0.13 -0.50 0.15 0.84 0.07 -0.78 0.18 
0 30 0.88 0.19 -0.38 0.14 0.91 0.08 -0.89 0.19 
0 45 0.96 0.20 -0.40 0.15 0.95 0.09 -0.85 0.20 
0 60 0.92 0.15 -0.59 0.15 0.86 0.05 -0.98 0.19 
0 90 1.08 0.15 -0.72 0.16 0.84 0.08 -0.80 0.18 
0 120 0.81 0.16 -0.45 0.15 0.86 0.06 -0.88 0.18 
0 135 0.94 0.14 -0.52 0.15 0.94 0.11 -0.88 0.19 
0 150 0.91 0.12 -0.58 0.14 1.03 0.11 -0.78 0.20 
0 180 0.89 0.09 -0.59 0.14 0.92 0.08 -0.79 0.19 
15 0 1.17 0.22 -0.44 0.17 0.53 -0.38 -1.70 0.26 
15 30 0.98 0.24 -0.34 0.15 0.65 -0.33 -1.56 0.26 
15 45 0.99 0.23 -0.39 0.15 0.69 -0.25 -1.49 0.25 
15 60 0.94 0.17 -0.52 0.16 0.67 -0.19 -1.23 0.22 
15 90 0.97 0.13 -0.57 0.16 0.81 0.03 -0.93 0.18 
15 120 1.12 0.17 -0.59 0.16 1.17 0.25 -0.56 0.18 
15 135 1.16 0.20 -0.53 0.17 1.26 0.36 -0.50 0.19 
15 150 1.10 0.22 -0.43 0.17 1.39 0.43 -0.41 0.20 
15 180 1.27 0.18 -0.73 0.19 1.45 0.44 -0.44 0.20 
30 0 1.54 0.49 -0.24 0.23 0.50 -0.67 -2.19 0.35 
30 30 1.46 0.45 -0.26 0.20 0.51 -0.55 -2.05 0.32 
30 45 1.31 0.38 -0.25 0.18 0.66 -0.41 -1.76 0.30 
30 60 1.13 0.23 -0.41 0.17 0.57 -0.34 -1.55 0.26 
30 90 0.97 0.13 -0.64 0.16 0.80 0.03 -0.87 0.18 
30 120 1.21 0.26 -0.48 0.18 1.47 0.47 -0.33 0.20 
30 135 1.44 0.35 -0.43 0.20 1.71 0.60 -0.24 0.22 
30 150 1.66 0.42 -0.43 0.23 1.88 0.69 -0.23 0.24 
30 180 1.80 0.45 -0.57 0.25 1.73 0.69 -0.39 0.23 
45 0 2.45 0.88 -0.12 0.33 0.33 -0.75 -2.10 0.32 
45 30 2.20 0.79 -0.20 0.30 0.44 -0.66 -2.02 0.32 
45 45 1.78 0.61 -0.22 0.26 0.58 -0.49 -1.84 0.30 
45 60 1.35 0.39 -0.40 0.20 0.70 -0.26 -1.49 0.25 
45 90 0.97 0.17 -0.51 0.16 1.00 0.21 -0.57 0.18 
45 120 1.41 0.37 -0.41 0.20 1.55 0.64 -0.20 0.20 
45 135 1.77 0.51 -0.36 0.24 1.72 0.78 -0.05 0.22 
45 150 2.16 0.62 -0.30 0.28 1.83 0.80 -0.05 0.22 
45 180 2.34 0.59 -0.51 0.31 2.06 1.04 0.16 0.22 
60 0 3.43 1.13 -0.04 0.42 0.54 -0.51 -1.77 0.26 
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60 30 2.94 1.00 -0.09 0.37 0.48 -0.51 -1.80 0.26 
60 45 2.44 0.77 -0.19 0.31 0.57 -0.45 -1.62 0.25 
60 60 1.56 0.46 -0.43 0.23 0.57 -0.27 -1.42 0.22 
60 90 0.85 0.16 -0.44 0.15 0.86 0.15 -0.59 0.16 
60 120 1.50 0.48 -0.30 0.22 1.26 0.49 -0.18 0.17 
60 135 1.96 0.65 -0.23 0.26 1.28 0.51 -0.21 0.17 
60 150 2.23 0.78 -0.17 0.30 1.42 0.57 -0.17 0.18 
60 180 2.91 0.92 -0.29 0.35 1.52 0.61 -0.16 0.19 
75 0 3.51 1.34 0.06 0.46 0.47 -0.28 -1.12 0.18 
75 30 2.98 1.14 -0.08 0.40 0.42 -0.26 -1.09 0.17 
75 45 2.42 0.86 -0.18 0.32 0.42 -0.22 -1.03 0.17 
75 60 1.68 0.51 -0.34 0.23 0.46 -0.14 -0.91 0.15 
75 90 0.76 0.16 -0.36 0.13 0.70 0.12 -0.44 0.12 
75 120 1.73 0.50 -0.25 0.23 0.84 0.26 -0.30 0.13 
75 135 1.91 0.71 -0.17 0.27 1.03 0.43 -0.09 0.13 
75 150 2.84 0.93 -0.05 0.33 1.09 0.48 -0.13 0.14 
75 180 2.83 1.03 -0.09 0.38 1.11 0.48 -0.10 0.14 
90 0 3.59 1.41 0.09 0.49 0.64 0.09 -0.57 0.13 
90 30 3.19 1.28 0.07 0.42 0.77 0.27 -0.24 0.12 
90 45 2.48 0.97 -0.01 0.31 0.81 0.29 -0.18 0.11 
90 60 1.68 0.63 -0.10 0.22 0.81 0.32 -0.16 0.11 
90 90 0.68 0.23 -0.16 0.11 0.88 0.37 -0.14 0.11 
90 120 1.68 0.56 -0.15 0.22 0.87 0.43 -0.06 0.10 
90 135 2.25 0.80 -0.15 0.29 0.99 0.47 -0.11 0.11 
90 150 2.83 1.01 -0.10 0.36 1.00 0.49 -0.03 0.12 


























0 0 0.88 0.11 -0.51 0.15 0.85 0.07 -0.69 0.16 
0 30 0.83 0.16 -0.44 0.13 0.82 0.07 -0.70 0.16 
0 45 0.87 0.17 -0.44 0.15 0.89 0.08 -0.79 0.17 
0 60 0.95 0.18 -0.52 0.15 0.83 0.14 -0.71 0.16 
0 90 0.93 0.14 -0.49 0.15 0.72 0.05 -0.75 0.15 
0 120 0.87 0.14 -0.45 0.14 0.71 0.04 -0.76 0.16 
0 135 0.84 0.14 -0.43 0.14 0.83 0.09 -0.84 0.18 
0 150 0.81 0.12 -0.45 0.14 0.83 0.07 -0.85 0.18 
0 180 0.80 0.08 -0.53 0.14 0.79 0.05 -0.79 0.18 
15 0 1.10 0.23 -0.42 0.15 0.48 -0.31 -1.54 0.25 
15 30 1.06 0.27 -0.30 0.14 0.48 -0.29 -1.44 0.23 
15 45 0.97 0.25 -0.32 0.15 0.57 -0.21 -1.22 0.22 
15 60 1.01 0.21 -0.35 0.14 0.62 -0.09 -1.05 0.19 
15 90 0.98 0.14 -0.64 0.15 0.72 0.06 -0.64 0.15 
15 120 0.95 0.18 -0.41 0.15 1.15 0.34 -0.39 0.16 
15 135 0.99 0.21 -0.38 0.15 1.31 0.45 -0.33 0.18 
15 150 1.12 0.22 -0.43 0.16 1.43 0.49 -0.30 0.19 
15 180 1.14 0.19 -0.54 0.17 1.34 0.46 -0.30 0.18 
30 0 1.65 0.56 -0.18 0.24 0.34 -0.71 -2.26 0.34 
30 30 1.58 0.48 -0.20 0.20 0.37 -0.56 -1.96 0.30 
30 45 1.27 0.39 -0.16 0.17 0.43 -0.42 -1.58 0.27 
30 60 1.16 0.29 -0.35 0.15 0.54 -0.21 -1.39 0.23 
30 90 0.92 0.17 -0.43 0.14 0.84 0.15 -0.59 0.15 
30 120 1.22 0.27 -0.34 0.16 1.46 0.51 -0.15 0.18 
30 135 1.45 0.36 -0.36 0.19 1.56 0.66 -0.13 0.20 
30 150 1.82 0.43 -0.46 0.22 1.86 0.74 -0.15 0.22 
30 180 1.78 0.42 -0.50 0.24 1.93 0.93 0.15 0.21 
45 0 2.40 0.90 -0.10 0.33 0.37 -0.62 -1.91 0.32 
45 30 2.32 0.79 -0.09 0.29 0.43 -0.54 -2.03 0.31 
45 45 1.74 0.61 -0.18 0.24 0.51 -0.40 -1.73 0.28 
45 60 1.39 0.39 -0.29 0.19 0.67 -0.16 -1.28 0.24 
45 90 0.93 0.18 -0.44 0.14 1.02 0.24 -0.49 0.16 
45 120 1.32 0.38 -0.29 0.18 1.54 0.64 -0.15 0.18 
45 135 1.89 0.53 -0.28 0.23 1.71 0.76 -0.09 0.20 
45 150 2.07 0.61 -0.26 0.26 1.77 0.78 -0.02 0.21 
45 180 2.08 0.59 -0.36 0.28 1.79 0.98 0.19 0.20 
60 0 3.02 1.09 -0.02 0.39 0.32 -0.57 -1.85 0.25 
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60 30 2.64 0.93 -0.12 0.35 0.31 -0.55 -1.64 0.25 
60 45 2.04 0.70 -0.21 0.28 0.33 -0.45 -1.43 0.23 
60 60 1.41 0.42 -0.43 0.21 0.46 -0.28 -1.18 0.20 
60 90 0.82 0.15 -0.41 0.13 0.84 0.11 -0.53 0.15 
60 120 1.41 0.43 -0.25 0.20 1.15 0.43 -0.21 0.16 
60 135 1.82 0.61 -0.16 0.24 1.28 0.50 -0.18 0.16 
60 150 2.17 0.76 -0.26 0.29 1.32 0.56 -0.20 0.17 
60 180 2.51 0.82 -0.24 0.33 1.47 0.75 0.07 0.17 
75 0 3.56 1.30 0.00 0.46 0.48 -0.21 -1.03 0.17 
75 30 2.86 1.07 -0.18 0.38 0.44 -0.19 -1.02 0.16 
75 45 2.33 0.80 -0.14 0.30 0.51 -0.16 -0.95 0.15 
75 60 1.54 0.50 -0.27 0.22 0.50 -0.13 -0.78 0.14 
75 90 0.70 0.14 -0.34 0.11 0.57 0.07 -0.46 0.12 
75 120 1.65 0.49 -0.18 0.21 0.80 0.27 -0.24 0.12 
75 135 2.03 0.73 -0.13 0.27 1.07 0.44 -0.14 0.13 
75 150 2.41 0.91 -0.10 0.33 1.09 0.47 -0.08 0.13 
75 180 2.96 1.05 0.04 0.37 1.05 0.47 -0.11 0.13 
90 0 3.73 1.37 0.12 0.46 0.56 0.09 -0.41 0.11 
90 30 3.06 1.15 0.03 0.39 0.60 0.11 -0.37 0.11 
90 45 2.34 0.89 -0.06 0.30 0.60 0.12 -0.30 0.10 
90 60 1.53 0.49 -0.22 0.21 0.50 0.05 -0.42 0.10 
90 90 0.61 0.14 -0.26 0.10 0.55 0.12 -0.31 0.10 
90 120 1.52 0.50 -0.16 0.21 0.62 0.19 -0.23 0.10 
90 135 2.24 0.75 -0.12 0.28 0.61 0.19 -0.25 0.10 
90 150 2.91 0.99 -0.04 0.35 0.72 0.20 -0.28 0.11 









A2. NORMAL FORCE AND PITCHING MOMENT COEFFICIENTS 
  

















0 0 1.04 -0.02 -0.95 0.23 0.27 0.01 -0.27 0.06 
0 30 1.05 -0.09 -1.10 0.23 0.23 -0.01 -0.27 0.06 
0 45 1.04 -0.07 -1.06 0.23 0.24 0.00 -0.24 0.05 
0 60 1.18 -0.07 -1.07 0.25 0.23 -0.01 -0.28 0.05 
0 90 0.58 -0.37 -1.20 0.19 0.19 -0.05 -0.25 0.05 
0 120 1.01 -0.08 -1.06 0.21 0.20 -0.01 -0.21 0.04 
0 135 1.04 -0.08 -1.03 0.23 0.22 -0.02 -0.23 0.05 
0 150 1.27 -0.07 -1.18 0.24 0.25 -0.03 -0.27 0.06 
0 180 1.03 -0.03 -0.98 0.22 0.25 -0.03 -0.28 0.06 
15 0 1.90 0.46 -0.59 0.33 0.14 -0.10 -0.45 0.07 
15 30 1.92 0.40 -0.73 0.31 0.15 -0.08 -0.38 0.06 
15 45 1.68 0.34 -0.81 0.29 0.17 -0.06 -0.36 0.05 
15 60 1.53 0.19 -0.87 0.27 0.16 -0.03 -0.27 0.05 
15 90 0.97 -0.04 -0.95 0.21 0.17 0.00 -0.20 0.04 
15 120 0.77 -0.37 -1.61 0.22 0.16 -0.06 -0.33 0.05 
15 135 0.52 -0.49 -1.58 0.23 0.14 -0.10 -0.40 0.05 
15 150 0.43 -0.57 -1.71 0.22 0.13 -0.13 -0.42 0.06 
15 180 0.45 -0.50 -1.71 0.23 0.10 -0.15 -0.46 0.06 
30 0 2.98 1.05 -0.33 0.47 0.13 -0.17 -0.58 0.09 
30 30 2.91 0.89 -0.43 0.44 0.14 -0.12 -0.54 0.08 
30 45 2.45 0.67 -0.48 0.36 0.17 -0.07 -0.39 0.06 
30 60 2.17 0.46 -0.71 0.31 0.18 -0.04 -0.30 0.05 
30 90 1.02 0.00 -1.07 0.22 0.22 0.01 -0.17 0.04 
30 120 0.55 -0.55 -1.88 0.26 0.14 -0.07 -0.34 0.05 
30 135 0.40 -0.80 -2.36 0.31 0.13 -0.13 -0.49 0.07 
30 150 0.23 -1.00 -2.52 0.34 0.09 -0.17 -0.53 0.07 
30 180 0.27 -0.88 -2.26 0.30 0.08 -0.16 -0.49 0.07 
45 0 3.60 1.38 -0.06 0.49 0.14 -0.13 -0.47 0.07 
45 30 3.56 1.27 -0.21 0.50 0.15 -0.13 -0.49 0.07 
45 45 3.19 1.03 -0.34 0.45 0.18 -0.09 -0.45 0.07 
45 60 2.41 0.70 -0.48 0.36 0.20 -0.05 -0.32 0.06 
45 90 1.21 -0.04 -1.23 0.24 0.21 0.00 -0.21 0.05 
45 120 0.42 -0.78 -2.53 0.32 0.16 -0.09 -0.39 0.06 
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45 135 0.20 -1.04 -2.71 0.36 0.14 -0.12 -0.43 0.06 
45 150 0.11 -1.00 -2.67 0.34 0.16 -0.10 -0.38 0.06 
45 180 0.15 -1.02 -2.71 0.34 0.14 -0.10 -0.39 0.06 
60 0 4.05 1.41 -0.03 0.52 0.19 -0.09 -0.44 0.07 
60 30 3.76 1.36 -0.17 0.50 0.21 -0.08 -0.40 0.07 
60 45 3.37 1.24 -0.13 0.48 0.19 -0.08 -0.41 0.07 
60 60 2.78 0.87 -0.40 0.39 0.24 -0.03 -0.31 0.06 
60 90 1.23 -0.01 -1.30 0.26 0.22 0.01 -0.20 0.05 
60 120 0.30 -0.84 -2.49 0.34 0.21 -0.05 -0.31 0.06 
60 135 0.20 -0.98 -2.64 0.34 0.18 -0.05 -0.30 0.06 
60 150 -0.02 -1.21 -3.02 0.37 0.10 -0.15 -0.43 0.06 
60 180 -0.01 -1.26 -3.07 0.38 0.11 -0.13 -0.42 0.06 
75 0 4.18 1.49 -0.02 0.52 0.19 -0.09 -0.42 0.07 
75 30 3.80 1.40 -0.06 0.50 0.22 -0.06 -0.37 0.07 
75 45 3.62 1.30 -0.13 0.50 0.23 -0.05 -0.35 0.07 
75 60 3.22 1.03 -0.36 0.44 0.25 -0.03 -0.33 0.06 
75 90 1.31 -0.02 -1.52 0.29 0.26 0.00 -0.26 0.06 
75 120 0.38 -0.88 -2.52 0.37 0.23 -0.03 -0.32 0.06 
75 135 0.11 -1.03 -2.91 0.38 0.23 -0.03 -0.32 0.06 
75 150 0.05 -1.14 -3.13 0.40 0.22 -0.03 -0.32 0.06 
75 180 0.06 -1.23 -3.02 0.42 0.24 -0.04 -0.31 0.06 
90 0 3.90 1.45 -0.05 0.50 0.29 -0.04 -0.35 0.07 
90 30 3.56 1.40 -0.04 0.48 0.27 -0.04 -0.37 0.07 
90 45 3.84 1.28 -0.14 0.48 0.27 -0.02 -0.34 0.07 
90 60 3.76 1.09 -0.28 0.45 0.26 -0.02 -0.31 0.06 
90 90 1.38 -0.01 -1.32 0.30 0.28 0.02 -0.27 0.06 
90 120 0.44 -0.85 -2.89 0.38 0.29 0.01 -0.27 0.06 
90 135 0.27 -1.06 -2.93 0.39 0.25 0.01 -0.26 0.06 
90 150 0.20 -1.19 -3.29 0.44 0.27 0.00 -0.26 0.06 
























0 0 0.58 -0.32 -1.22 0.20 0.17 -0.04 -0.28 0.05 
0 30 0.99 -0.06 -1.05 0.22 0.20 -0.01 -0.22 0.05 
0 45 1.04 -0.03 -0.97 0.21 0.21 0.00 -0.21 0.05 
0 60 1.00 -0.03 -0.96 0.22 0.18 -0.01 -0.22 0.04 
0 90 0.91 -0.01 -0.91 0.20 0.18 0.00 -0.17 0.04 
0 120 0.96 -0.06 -0.92 0.21 0.18 -0.01 -0.18 0.04 
0 135 1.01 -0.06 -1.09 0.21 0.19 -0.01 -0.20 0.04 
0 150 1.02 -0.05 -1.02 0.21 0.20 -0.02 -0.22 0.05 
0 180 1.02 -0.02 -0.93 0.20 0.19 -0.03 -0.26 0.05 
15 0 1.71 0.42 -0.54 0.28 0.14 -0.07 -0.35 0.06 
15 30 1.69 0.41 -0.59 0.27 0.10 -0.12 -0.37 0.05 
15 45 1.54 0.32 -0.67 0.25 0.10 -0.10 -0.33 0.05 
15 60 1.44 0.20 -0.73 0.23 0.14 -0.04 -0.24 0.04 
15 90 0.79 -0.22 -1.12 0.20 0.13 -0.04 -0.23 0.04 
15 120 0.51 -0.48 -1.49 0.21 0.12 -0.07 -0.26 0.04 
15 135 0.50 -0.52 -1.60 0.21 0.12 -0.08 -0.30 0.04 
15 150 0.38 -0.59 -1.55 0.21 0.09 -0.11 -0.36 0.05 
15 180 0.44 -0.50 -1.50 0.21 0.10 -0.13 -0.40 0.05 
30 0 2.83 1.00 -0.32 0.42 0.09 -0.15 -0.52 0.07 
30 30 2.58 0.81 -0.37 0.39 0.10 -0.14 -0.46 0.06 
30 45 2.16 0.62 -0.48 0.35 0.16 -0.07 -0.37 0.06 
30 60 1.74 0.35 -0.65 0.29 0.17 -0.02 -0.24 0.05 
30 90 0.99 -0.04 -1.06 0.21 0.19 0.00 -0.18 0.04 
30 120 0.47 -0.54 -1.78 0.24 0.13 -0.06 -0.28 0.04 
30 135 0.27 -0.77 -2.19 0.28 0.12 -0.10 -0.37 0.05 
30 150 0.27 -0.89 -2.43 0.30 0.12 -0.11 -0.40 0.06 
30 180 0.14 -0.90 -2.36 0.29 0.10 -0.15 -0.46 0.06 
45 0 3.48 1.25 -0.15 0.48 0.12 -0.11 -0.45 0.06 
45 30 3.50 1.22 -0.22 0.49 0.14 -0.11 -0.43 0.06 
45 45 2.87 0.99 -0.36 0.42 0.16 -0.08 -0.38 0.06 
45 60 2.30 0.67 -0.47 0.35 0.17 -0.04 -0.30 0.05 
45 90 1.00 -0.03 -1.17 0.22 0.20 0.00 -0.17 0.04 
45 120 0.34 -0.73 -2.13 0.29 0.11 -0.07 -0.31 0.05 
45 135 0.16 -0.91 -2.58 0.31 0.11 -0.09 -0.33 0.05 
45 150 0.08 -0.98 -2.64 0.32 0.12 -0.09 -0.36 0.05 
45 180 0.04 -0.98 -2.48 0.32 0.10 -0.09 -0.36 0.05 
60 0 3.58 1.31 -0.08 0.49 0.15 -0.07 -0.37 0.06 
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60 30 3.82 1.32 -0.15 0.49 0.17 -0.07 -0.36 0.06 
60 45 3.24 1.17 -0.18 0.47 0.18 -0.05 -0.34 0.06 
60 60 2.66 0.85 -0.48 0.39 0.21 -0.03 -0.28 0.05 
60 90 1.13 -0.03 -1.29 0.24 0.19 0.00 -0.19 0.04 
60 120 0.31 -0.76 -2.75 0.31 0.14 -0.05 -0.26 0.04 
60 135 0.21 -0.90 -2.47 0.33 0.16 -0.05 -0.29 0.05 
60 150 0.03 -1.04 -2.70 0.35 0.14 -0.06 -0.28 0.05 
60 180 -0.03 -1.19 -2.94 0.37 0.13 -0.10 -0.34 0.05 
75 0 3.69 1.38 0.05 0.49 0.20 -0.06 -0.34 0.06 
75 30 3.55 1.36 -0.05 0.48 0.15 -0.10 -0.39 0.06 
75 45 3.56 1.20 -0.14 0.47 0.23 -0.04 -0.32 0.06 
75 60 3.09 0.88 -0.43 0.42 0.25 0.02 -0.23 0.05 
75 90 1.22 -0.02 -1.45 0.27 0.19 0.00 -0.21 0.05 
75 120 0.40 -0.72 -2.45 0.32 0.14 -0.06 -0.27 0.04 
75 135 0.21 -0.92 -2.64 0.35 0.17 -0.04 -0.27 0.05 
75 150 0.10 -1.05 -2.95 0.38 0.16 -0.06 -0.30 0.05 
75 180 -0.02 -1.11 -2.94 0.38 0.18 -0.06 -0.31 0.05 
90 0 3.79 1.49 0.08 0.49 0.21 -0.04 -0.34 0.06 
90 30 3.73 1.40 0.03 0.47 0.18 -0.09 -0.36 0.06 
90 45 3.51 1.28 -0.17 0.48 0.24 -0.02 -0.29 0.06 
90 60 3.16 1.00 -0.42 0.43 0.30 0.01 -0.26 0.06 
90 90 1.47 0.00 -1.44 0.28 0.30 0.00 -0.27 0.06 
90 120 0.55 -0.76 -2.55 0.35 0.25 -0.01 -0.28 0.06 
90 135 0.22 -0.89 -2.74 0.36 0.24 -0.03 -0.28 0.06 
90 150 0.20 -1.02 -3.10 0.40 0.24 -0.04 -0.31 0.06 


























0 0 0.71 -0.24 -0.97 0.18 0.14 -0.04 -0.26 0.04 
0 30 0.63 -0.34 -1.14 0.20 0.11 -0.09 -0.29 0.04 
0 45 0.55 -0.40 -1.33 0.20 0.10 -0.10 -0.32 0.04 
0 60 0.94 -0.06 -1.01 0.20 0.18 0.00 -0.19 0.04 
0 90 0.76 -0.08 -0.86 0.18 0.17 0.01 -0.13 0.04 
0 120 0.73 -0.15 -0.98 0.19 0.16 0.00 -0.15 0.03 
0 135 0.80 -0.08 -0.94 0.19 0.17 -0.01 -0.19 0.04 
0 150 0.84 -0.11 -0.99 0.19 0.15 -0.03 -0.21 0.04 
0 180 0.80 -0.10 -0.90 0.18 0.15 -0.04 -0.24 0.04 
15 0 1.48 0.23 -0.67 0.26 0.14 -0.05 -0.30 0.05 
15 30 1.40 0.21 -0.68 0.25 0.13 -0.06 -0.31 0.05 
15 45 1.36 0.19 -0.72 0.23 0.16 -0.04 -0.25 0.04 
15 60 1.31 0.16 -0.72 0.22 0.13 -0.05 -0.23 0.04 
15 90 0.80 -0.03 -0.89 0.18 0.16 0.00 -0.16 0.04 
15 120 0.64 -0.27 -1.19 0.19 0.14 -0.03 -0.20 0.04 
15 135 0.26 -0.56 -1.53 0.19 0.09 -0.09 -0.27 0.04 
15 150 0.28 -0.55 -1.53 0.20 0.08 -0.09 -0.29 0.04 
15 180 0.37 -0.49 -1.50 0.20 0.09 -0.10 -0.35 0.05 
30 0 2.56 0.85 -0.39 0.41 0.09 -0.14 -0.47 0.07 
30 30 2.42 0.63 -0.53 0.38 0.06 -0.15 -0.44 0.06 
30 45 2.08 0.44 -0.65 0.33 0.06 -0.13 -0.38 0.05 
30 60 1.66 0.37 -0.56 0.27 0.15 -0.03 -0.24 0.04 
30 90 0.90 -0.07 -0.95 0.20 0.18 0.01 -0.17 0.04 
30 120 0.40 -0.60 -1.79 0.24 0.13 -0.05 -0.28 0.04 
30 135 0.14 -0.81 -2.23 0.26 0.11 -0.09 -0.33 0.05 
30 150 0.11 -0.91 -2.50 0.28 0.07 -0.11 -0.40 0.05 
30 180 0.15 -0.89 -2.25 0.29 0.06 -0.15 -0.44 0.06 
45 0 3.24 1.17 -0.11 0.46 0.11 -0.10 -0.38 0.06 
45 30 3.24 1.08 -0.17 0.45 0.13 -0.10 -0.37 0.06 
45 45 2.68 0.89 -0.29 0.40 0.14 -0.07 -0.35 0.05 
45 60 2.08 0.62 -0.38 0.31 0.14 -0.06 -0.29 0.05 
45 90 0.99 -0.02 -1.10 0.22 0.20 0.00 -0.16 0.04 
45 120 0.41 -0.64 -1.92 0.27 0.13 -0.05 -0.26 0.04 
45 135 -0.01 -0.93 -2.24 0.28 0.07 -0.10 -0.35 0.04 
45 150 0.02 -1.01 -2.54 0.30 0.08 -0.11 -0.33 0.05 
45 180 0.05 -1.03 -2.51 0.30 0.11 -0.09 -0.32 0.05 
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60 0 3.35 1.21 -0.10 0.45 0.13 -0.07 -0.32 0.05 
60 30 3.49 1.22 -0.18 0.46 0.14 -0.06 -0.32 0.05 
60 45 3.21 1.08 -0.17 0.45 0.16 -0.05 -0.31 0.05 
60 60 2.50 0.74 -0.39 0.37 0.18 -0.01 -0.24 0.05 
60 90 1.16 -0.01 -1.16 0.24 0.17 -0.01 -0.20 0.04 
60 120 0.39 -0.71 -2.15 0.28 0.12 -0.06 -0.25 0.04 
60 135 0.09 -0.86 -2.27 0.29 0.08 -0.09 -0.26 0.04 
60 150 0.00 -0.98 -2.54 0.33 0.11 -0.06 -0.27 0.04 
60 180 -0.05 -1.09 -2.64 0.34 0.09 -0.09 -0.32 0.04 
75 0 3.56 1.37 -0.03 0.47 0.17 -0.04 -0.30 0.05 
75 30 3.54 1.28 -0.08 0.46 0.17 -0.04 -0.28 0.05 
75 45 3.25 1.19 -0.08 0.45 0.19 -0.03 -0.27 0.05 
75 60 2.82 0.86 -0.45 0.40 0.20 -0.01 -0.22 0.05 
75 90 1.24 -0.02 -1.33 0.26 0.20 0.01 -0.19 0.04 
75 120 0.58 -0.66 -2.27 0.30 0.17 -0.02 -0.23 0.04 
75 135 0.28 -0.85 -2.48 0.33 0.16 -0.03 -0.23 0.04 
75 150 0.07 -1.01 -2.78 0.35 0.13 -0.05 -0.27 0.04 
75 180 -0.03 -1.15 -2.95 0.37 0.14 -0.05 -0.26 0.04 
90 0 3.68 1.32 0.00 0.46 0.20 -0.03 -0.27 0.05 
90 30 3.57 1.30 0.02 0.44 0.20 -0.06 -0.32 0.06 
90 45 3.32 1.21 -0.10 0.44 0.25 -0.02 -0.26 0.05 
90 60 3.01 0.94 -0.39 0.40 0.22 0.00 -0.22 0.05 
90 90 1.29 0.00 -1.31 0.28 0.20 0.00 -0.20 0.05 
90 120 0.47 -0.62 -2.09 0.30 0.20 -0.01 -0.22 0.05 
90 135 0.35 -0.80 -2.43 0.34 0.23 -0.03 -0.24 0.05 
90 150 0.17 -0.97 -2.65 0.37 0.21 -0.01 -0.21 0.04 


























0 0 0.50 -0.17 -0.83 0.14 0.13 -0.02 -0.19 0.04 
0 30 0.57 -0.25 -0.93 0.16 0.09 -0.06 -0.22 0.03 
0 45 0.75 -0.07 -0.74 0.17 0.15 0.00 -0.16 0.03 
0 60 0.78 -0.11 -0.89 0.17 0.16 0.01 -0.15 0.03 
0 90 0.83 0.03 -0.67 0.16 0.16 0.01 -0.13 0.03 
0 120 0.75 -0.05 -0.76 0.16 0.16 0.00 -0.15 0.03 
0 135 0.79 -0.09 -0.83 0.16 0.17 -0.01 -0.18 0.03 
0 150 0.64 -0.10 -0.73 0.16 0.15 -0.02 -0.18 0.04 
0 180 0.62 -0.10 -0.74 0.16 0.14 -0.03 -0.18 0.04 
15 0 1.41 0.33 -0.43 0.23 0.12 -0.05 -0.26 0.04 
15 30 1.33 0.29 -0.47 0.22 0.11 -0.04 -0.23 0.04 
15 45 1.17 0.23 -0.54 0.21 0.14 -0.03 -0.22 0.04 
15 60 1.09 0.12 -0.64 0.19 0.13 -0.02 -0.18 0.04 
15 90 0.71 -0.06 -0.86 0.17 0.15 0.00 -0.15 0.03 
15 120 0.62 -0.26 -1.14 0.17 0.14 -0.02 -0.18 0.03 
15 135 0.41 -0.36 -1.20 0.17 0.12 -0.04 -0.21 0.04 
15 150 0.40 -0.40 -1.19 0.17 0.12 -0.06 -0.24 0.04 
15 180 0.28 -0.40 -1.24 0.17 0.10 -0.08 -0.28 0.04 
30 0 2.38 0.76 -0.27 0.36 0.07 -0.12 -0.40 0.06 
30 30 1.99 0.58 -0.40 0.33 0.04 -0.13 -0.36 0.05 
30 45 1.80 0.52 -0.37 0.28 0.13 -0.05 -0.26 0.04 
30 60 1.44 0.27 -0.50 0.23 0.15 -0.01 -0.21 0.04 
30 90 0.91 -0.07 -1.01 0.17 0.13 -0.02 -0.18 0.03 
30 120 0.28 -0.59 -1.70 0.23 0.08 -0.06 -0.24 0.04 
30 135 0.14 -0.68 -1.75 0.23 0.07 -0.08 -0.26 0.04 
30 150 0.04 -0.76 -1.96 0.23 0.06 -0.10 -0.30 0.04 
30 180 0.08 -0.83 -2.17 0.26 0.05 -0.12 -0.37 0.05 
45 0 2.93 1.12 -0.11 0.42 0.10 -0.09 -0.37 0.05 
45 30 2.92 1.00 -0.11 0.40 0.11 -0.07 -0.30 0.05 
45 45 2.38 0.82 -0.19 0.35 0.14 -0.05 -0.26 0.04 
45 60 1.93 0.52 -0.44 0.28 0.16 -0.03 -0.23 0.04 
45 90 0.88 -0.01 -0.98 0.20 0.16 0.01 -0.16 0.04 
45 120 0.34 -0.59 -1.76 0.25 0.11 -0.05 -0.24 0.04 
45 135 0.10 -0.73 -2.24 0.26 0.11 -0.06 -0.25 0.04 
45 150 0.15 -0.81 -2.03 0.26 0.10 -0.07 -0.27 0.04 
45 180 -0.09 -1.04 -2.32 0.29 0.06 -0.12 -0.33 0.04 
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60 0 3.05 1.20 0.01 0.43 0.10 -0.08 -0.30 0.04 
60 30 3.13 1.14 0.01 0.41 0.06 -0.10 -0.33 0.04 
60 45 2.83 1.01 -0.18 0.40 0.09 -0.09 -0.27 0.04 
60 60 2.51 0.70 -0.38 0.34 0.14 -0.02 -0.20 0.04 
60 90 0.94 -0.06 -1.10 0.23 0.19 0.01 -0.15 0.04 
60 120 0.27 -0.64 -2.07 0.27 0.12 -0.04 -0.21 0.04 
60 135 0.13 -0.77 -2.08 0.27 0.11 -0.04 -0.20 0.04 
60 150 0.02 -0.93 -2.35 0.29 0.09 -0.07 -0.26 0.04 
60 180 -0.07 -1.05 -2.63 0.32 0.10 -0.09 -0.29 0.04 
75 0 3.52 1.26 0.07 0.45 0.13 -0.05 -0.25 0.04 
75 30 3.25 1.19 -0.11 0.43 0.14 -0.04 -0.26 0.04 
75 45 3.13 1.06 -0.15 0.41 0.17 -0.02 -0.23 0.04 
75 60 2.48 0.77 -0.41 0.36 0.17 -0.01 -0.22 0.04 
75 90 1.15 -0.02 -1.24 0.26 0.19 0.00 -0.17 0.04 
75 120 0.48 -0.61 -2.14 0.29 0.16 -0.01 -0.19 0.04 
75 135 0.15 -0.80 -2.24 0.30 0.15 -0.03 -0.21 0.04 
75 150 0.01 -0.96 -2.50 0.32 0.15 -0.03 -0.22 0.04 
75 180 -0.10 -1.09 -3.00 0.35 0.15 -0.04 -0.24 0.04 
90 0 3.47 1.35 0.07 0.43 0.16 -0.05 -0.27 0.04 
90 30 3.22 1.24 0.00 0.41 0.16 -0.03 -0.23 0.04 
90 45 3.18 1.13 -0.08 0.40 0.18 -0.01 -0.21 0.04 
90 60 2.65 0.83 -0.34 0.37 0.20 0.00 -0.21 0.04 
90 90 1.21 -0.02 -1.28 0.27 0.20 0.01 -0.17 0.04 
90 120 0.37 -0.59 -2.03 0.29 0.15 -0.01 -0.17 0.04 
90 135 0.32 -0.76 -2.29 0.30 0.16 -0.01 -0.17 0.04 
90 150 0.14 -0.93 -2.68 0.34 0.17 -0.01 -0.18 0.04 


























0 0 0.85 -0.07 -0.90 0.20 0.25 0.01 -0.23 0.05 
0 30 0.82 -0.09 -1.10 0.20 0.23 0.01 -0.21 0.04 
0 45 0.84 -0.09 -0.96 0.20 0.21 0.01 -0.21 0.04 
0 60 0.86 -0.08 -0.95 0.20 0.19 0.00 -0.19 0.04 
0 90 0.89 -0.03 -0.85 0.19 0.16 0.00 -0.17 0.04 
0 120 0.98 -0.04 -0.97 0.20 0.19 0.00 -0.19 0.04 
0 135 1.00 -0.02 -0.86 0.21 0.20 -0.01 -0.20 0.04 
0 150 0.98 -0.01 -0.94 0.21 0.21 -0.01 -0.22 0.04 
0 180 1.06 0.02 -0.87 0.20 0.22 -0.01 -0.24 0.05 
15 0 1.71 0.39 -0.66 0.28 0.15 -0.09 -0.39 0.06 
15 30 1.69 0.36 -0.60 0.27 0.13 -0.06 -0.33 0.05 
15 45 1.56 0.29 -0.63 0.26 0.15 -0.04 -0.30 0.05 
15 60 1.29 0.13 -0.89 0.23 0.14 -0.03 -0.25 0.04 
15 90 0.89 -0.07 -0.95 0.19 0.17 0.00 -0.17 0.04 
15 120 0.58 -0.30 -1.34 0.20 0.14 -0.03 -0.24 0.04 
15 135 0.50 -0.41 -1.50 0.21 0.14 -0.07 -0.32 0.05 
15 150 0.37 -0.48 -1.53 0.22 0.14 -0.09 -0.36 0.05 
15 180 0.43 -0.43 -1.42 0.21 0.10 -0.12 -0.38 0.05 
30 0 2.96 0.98 -0.42 0.43 0.11 -0.13 -0.52 0.07 
30 30 1.43 0.44 -0.16 0.20 0.04 -0.14 -0.25 0.06 
30 45 2.43 0.70 -0.38 0.35 0.15 -0.09 -0.37 0.06 
30 60 1.73 0.44 -0.57 0.28 0.13 -0.05 -0.28 0.05 
30 90 0.96 -0.05 -1.07 0.20 0.18 0.00 -0.17 0.04 
30 120 0.39 -0.53 -1.80 0.24 0.12 -0.07 -0.31 0.05 
30 135 0.32 -0.75 -2.00 0.27 0.11 -0.11 -0.38 0.05 
30 150 0.13 -0.92 -2.34 0.29 0.08 -0.14 -0.44 0.06 
30 180 0.19 -0.85 -2.13 0.27 0.06 -0.15 -0.46 0.06 
45 0 3.15 1.21 -0.12 0.45 0.13 -0.09 -0.44 0.06 
45 30 3.18 1.13 -0.20 0.46 0.10 -0.12 -0.43 0.06 
45 45 2.78 0.92 -0.24 0.40 0.11 -0.11 -0.40 0.06 
45 60 2.35 0.66 -0.42 0.33 0.19 -0.04 -0.29 0.05 
45 90 1.16 -0.05 -1.17 0.21 0.19 0.02 -0.17 0.04 
45 120 0.27 -0.71 -2.16 0.28 0.12 -0.08 -0.34 0.05 
45 135 0.19 -0.90 -2.44 0.32 0.09 -0.12 -0.40 0.05 
45 150 0.06 -0.97 -2.55 0.32 0.10 -0.11 -0.38 0.05 
45 180 0.07 -1.01 -2.65 0.32 0.11 -0.11 -0.39 0.05 
60 0 3.62 1.30 -0.09 0.49 0.19 -0.06 -0.42 0.06 
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60 30 3.61 1.29 -0.11 0.47 0.15 -0.09 -0.39 0.06 
60 45 3.45 1.16 -0.15 0.46 0.18 -0.07 -0.38 0.06 
60 60 2.84 0.85 -0.43 0.38 0.18 -0.05 -0.32 0.05 
60 90 1.10 -0.02 -1.36 0.23 0.23 0.01 -0.20 0.05 
60 120 0.35 -0.77 -2.64 0.31 0.15 -0.05 -0.30 0.05 
60 135 0.27 -0.88 -2.51 0.31 0.15 -0.06 -0.31 0.05 
60 150 0.05 -1.01 -3.00 0.35 0.13 -0.08 -0.35 0.05 
60 180 -0.01 -1.10 -2.91 0.35 0.11 -0.09 -0.40 0.05 
75 0 3.81 1.34 0.00 0.49 0.18 -0.06 -0.35 0.06 
75 30 3.60 1.30 0.00 0.47 0.17 -0.08 -0.36 0.05 
75 45 3.62 1.22 -0.13 0.46 0.14 -0.09 -0.38 0.05 
75 60 2.86 0.90 -0.25 0.40 0.20 -0.04 -0.30 0.05 
75 90 1.20 0.00 -1.23 0.25 0.24 0.02 -0.21 0.05 
75 120 0.47 -0.72 -2.41 0.33 0.20 -0.04 -0.28 0.05 
75 135 0.19 -0.88 -2.50 0.34 0.16 -0.04 -0.28 0.05 
75 150 0.15 -1.06 -3.17 0.38 0.17 -0.04 -0.31 0.05 
75 180 0.02 -1.12 -2.93 0.39 0.16 -0.07 -0.32 0.05 
90 0 3.74 1.39 0.05 0.50 0.25 -0.02 -0.32 0.06 
90 30 3.78 1.36 -0.01 0.47 0.26 -0.06 -0.36 0.06 
90 45 3.48 1.26 -0.13 0.45 0.22 -0.06 -0.38 0.06 
90 60 2.96 0.98 -0.30 0.41 0.22 0.00 -0.25 0.06 
90 90 1.28 -0.01 -1.14 0.26 0.26 0.02 -0.21 0.05 
90 120 0.43 -0.73 -2.56 0.34 0.23 0.00 -0.24 0.05 
90 135 0.22 -0.86 -2.48 0.36 0.23 -0.03 -0.27 0.05 
90 150 0.09 -1.05 -2.88 0.39 0.24 -0.04 -0.27 0.05 


























0 0 0.78 -0.07 -0.84 0.18 0.29 0.01 -0.26 0.06 
0 30 0.89 -0.08 -0.91 0.19 0.22 -0.03 -0.27 0.05 
0 45 0.85 -0.09 -0.95 0.20 0.21 -0.03 -0.29 0.05 
0 60 0.98 -0.05 -0.86 0.19 0.21 0.00 -0.22 0.05 
0 90 0.80 -0.08 -0.84 0.18 0.20 0.00 -0.22 0.05 
0 120 0.88 -0.06 -0.86 0.18 0.20 0.01 -0.18 0.04 
0 135 0.88 -0.11 -0.94 0.19 0.18 -0.03 -0.23 0.04 
0 150 0.78 -0.11 -1.03 0.20 0.22 -0.03 -0.24 0.05 
0 180 0.79 -0.08 -0.92 0.19 0.19 -0.04 -0.27 0.05 
15 0 1.80 0.42 -0.52 0.27 0.19 -0.08 -0.42 0.07 
15 30 1.65 0.38 -0.66 0.27 0.14 -0.09 -0.40 0.06 
15 45 1.51 0.30 -0.66 0.25 0.16 -0.08 -0.36 0.06 
15 60 1.30 0.21 -0.66 0.23 0.17 -0.03 -0.25 0.05 
15 90 0.97 -0.03 -0.83 0.18 0.19 0.00 -0.21 0.04 
15 120 0.59 -0.26 -1.23 0.19 0.18 -0.04 -0.23 0.04 
15 135 0.47 -0.39 -1.35 0.20 0.16 -0.07 -0.29 0.05 
15 150 0.40 -0.46 -1.52 0.21 0.14 -0.09 -0.37 0.06 
15 180 0.43 -0.47 -1.57 0.21 0.10 -0.14 -0.46 0.06 
30 0 2.47 0.83 -0.38 0.40 0.17 -0.12 -0.48 0.08 
30 30 2.43 0.72 -0.45 0.36 0.14 -0.12 -0.46 0.07 
30 45 2.02 0.57 -0.56 0.33 0.12 -0.12 -0.43 0.06 
30 60 1.85 0.43 -0.54 0.28 0.16 -0.04 -0.28 0.05 
30 90 0.93 -0.02 -0.85 0.19 0.20 0.01 -0.20 0.04 
30 120 0.43 -0.52 -1.67 0.22 0.14 -0.06 -0.30 0.05 
30 135 0.30 -0.69 -2.04 0.26 0.11 -0.11 -0.38 0.05 
30 150 0.20 -0.80 -2.35 0.28 0.10 -0.13 -0.44 0.06 
30 180 0.26 -0.82 -2.17 0.28 0.08 -0.17 -0.47 0.06 
45 0 2.98 1.15 -0.14 0.43 0.13 -0.11 -0.43 0.06 
45 30 3.02 1.10 -0.21 0.43 0.13 -0.14 -0.49 0.06 
45 45 2.71 0.89 -0.39 0.40 0.12 -0.13 -0.42 0.06 
45 60 2.25 0.57 -0.46 0.32 0.16 -0.07 -0.30 0.05 
45 90 1.00 -0.10 -1.05 0.21 0.17 -0.02 -0.22 0.04 
45 120 0.36 -0.71 -2.14 0.27 0.08 -0.10 -0.36 0.05 
45 135 0.11 -0.90 -2.38 0.31 0.07 -0.14 -0.41 0.05 
45 150 0.10 -0.99 -2.62 0.32 0.10 -0.14 -0.43 0.06 
45 180 0.02 -1.15 -2.83 0.32 0.03 -0.19 -0.51 0.06 
60 0 3.73 1.23 -0.10 0.47 0.21 -0.06 -0.37 0.06 
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60 30 3.49 1.24 -0.05 0.47 0.16 -0.09 -0.38 0.06 
60 45 3.36 1.12 -0.20 0.44 0.18 -0.08 -0.37 0.06 
60 60 2.61 0.77 -0.33 0.37 0.18 -0.05 -0.32 0.05 
60 90 1.00 -0.04 -1.09 0.23 0.21 0.00 -0.20 0.04 
60 120 0.39 -0.73 -2.14 0.30 0.14 -0.06 -0.32 0.05 
60 135 0.15 -0.85 -2.58 0.31 0.12 -0.08 -0.35 0.05 
60 150 0.08 -0.98 -2.66 0.34 0.12 -0.10 -0.38 0.05 
60 180 0.11 -1.10 -3.04 0.36 0.13 -0.11 -0.39 0.06 
75 0 3.58 1.37 0.05 0.48 0.23 -0.05 -0.33 0.06 
75 30 3.48 1.32 0.01 0.46 0.18 -0.08 -0.37 0.06 
75 45 3.29 1.19 -0.08 0.44 0.16 -0.08 -0.33 0.05 
75 60 2.84 0.88 -0.28 0.38 0.20 -0.03 -0.29 0.05 
75 90 1.21 -0.02 -1.19 0.24 0.23 0.01 -0.22 0.05 
75 120 0.41 -0.70 -2.41 0.31 0.19 -0.03 -0.26 0.05 
75 135 0.12 -0.84 -2.40 0.32 0.15 -0.07 -0.29 0.05 
75 150 0.04 -1.04 -3.12 0.37 0.13 -0.08 -0.32 0.05 
75 180 -0.01 -1.12 -2.94 0.38 0.12 -0.11 -0.37 0.05 
90 0 3.59 1.41 0.09 0.49 0.26 -0.05 -0.32 0.06 
90 30 3.59 1.40 0.16 0.47 0.13 -0.11 -0.42 0.06 
90 45 3.26 1.25 0.08 0.42 0.15 -0.11 -0.38 0.06 
90 60 2.96 0.98 -0.14 0.39 0.16 -0.07 -0.31 0.05 
90 90 1.22 0.07 -1.05 0.24 0.17 -0.05 -0.28 0.05 
90 120 0.51 -0.60 -2.20 0.32 0.18 -0.05 -0.28 0.05 
90 135 0.29 -0.82 -2.75 0.34 0.17 -0.06 -0.28 0.05 
90 150 0.17 -1.00 -2.99 0.39 0.17 -0.06 -0.31 0.05 


























0 0 0.69 -0.07 -0.85 0.16 0.29 0.03 -0.21 0.05 
0 30 0.70 -0.07 -0.82 0.16 0.24 0.00 -0.22 0.04 
0 45 0.79 -0.08 -0.89 0.17 0.21 -0.01 -0.21 0.04 
0 60 0.71 -0.14 -0.83 0.16 0.17 -0.01 -0.21 0.04 
0 90 0.75 -0.05 -0.72 0.15 0.20 0.00 -0.19 0.04 
0 120 0.76 -0.04 -0.71 0.16 0.17 -0.01 -0.18 0.04 
0 135 0.84 -0.09 -0.83 0.18 0.18 -0.02 -0.21 0.04 
0 150 0.85 -0.07 -0.83 0.18 0.19 -0.03 -0.22 0.04 
0 180 0.79 -0.05 -0.79 0.18 0.19 -0.03 -0.24 0.05 
15 0 1.69 0.36 -0.47 0.26 0.14 -0.08 -0.39 0.06 
15 30 1.53 0.35 -0.44 0.24 0.12 -0.09 -0.37 0.05 
15 45 1.35 0.26 -0.55 0.23 0.12 -0.08 -0.31 0.05 
15 60 1.11 0.12 -0.61 0.20 0.15 -0.04 -0.25 0.04 
15 90 0.70 -0.05 -0.72 0.16 0.19 0.01 -0.18 0.04 
15 120 0.36 -0.35 -1.20 0.17 0.13 -0.04 -0.25 0.04 
15 135 0.32 -0.47 -1.41 0.18 0.13 -0.07 -0.27 0.04 
15 150 0.27 -0.52 -1.51 0.20 0.11 -0.09 -0.34 0.05 
15 180 0.30 -0.50 -1.42 0.19 0.08 -0.11 -0.37 0.05 
30 0 2.68 0.90 -0.30 0.40 0.11 -0.14 -0.54 0.07 
30 30 2.38 0.74 -0.32 0.35 0.09 -0.13 -0.42 0.06 
30 45 1.89 0.58 -0.36 0.31 0.09 -0.11 -0.40 0.05 
30 60 1.66 0.34 -0.50 0.26 0.13 -0.06 -0.28 0.04 
30 90 0.78 -0.11 -0.84 0.16 0.16 -0.02 -0.18 0.04 
30 120 0.24 -0.54 -1.71 0.20 0.12 -0.07 -0.32 0.04 
30 135 0.14 -0.73 -1.85 0.24 0.08 -0.10 -0.36 0.05 
30 150 0.09 -0.84 -2.30 0.26 0.08 -0.12 -0.41 0.05 
30 180 -0.14 -1.01 -2.43 0.26 0.03 -0.18 -0.46 0.06 
45 0 2.88 1.07 -0.15 0.44 0.14 -0.13 -0.42 0.06 
45 30 3.06 1.01 -0.19 0.43 0.09 -0.15 -0.44 0.06 
45 45 2.65 0.81 -0.27 0.38 0.08 -0.13 -0.42 0.05 
45 60 2.02 0.47 -0.53 0.31 0.15 -0.08 -0.31 0.05 
45 90 0.78 -0.12 -1.18 0.19 0.18 -0.03 -0.21 0.04 
45 120 0.21 -0.70 -1.92 0.25 0.10 -0.10 -0.36 0.05 
45 135 0.13 -0.89 -2.55 0.29 0.09 -0.12 -0.40 0.05 
45 150 0.02 -0.97 -2.62 0.29 0.10 -0.13 -0.42 0.05 
45 180 -0.16 -1.11 -2.44 0.30 0.03 -0.18 -0.47 0.05 
60 0 3.31 1.23 -0.01 0.44 0.18 -0.07 -0.38 0.06 
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60 30 3.30 1.20 -0.07 0.44 0.17 -0.10 -0.38 0.06 
60 45 2.91 1.03 -0.14 0.40 0.14 -0.09 -0.36 0.05 
60 60 2.31 0.70 -0.34 0.34 0.19 -0.04 -0.30 0.05 
60 90 0.95 -0.03 -1.15 0.20 0.20 -0.01 -0.20 0.04 
60 120 0.31 -0.63 -1.94 0.27 0.14 -0.07 -0.33 0.05 
60 135 0.20 -0.78 -2.21 0.28 0.12 -0.08 -0.33 0.05 
60 150 0.14 -0.94 -2.35 0.32 0.11 -0.09 -0.32 0.05 
60 180 0.03 -1.09 -2.78 0.34 0.07 -0.13 -0.38 0.05 
75 0 3.63 1.31 -0.02 0.48 0.21 -0.03 -0.35 0.06 
75 30 3.25 1.23 -0.12 0.44 0.18 -0.06 -0.32 0.06 
75 45 3.20 1.09 -0.19 0.42 0.19 -0.05 -0.33 0.05 
75 60 2.69 0.83 -0.33 0.37 0.19 -0.02 -0.28 0.05 
75 90 1.19 -0.01 -1.16 0.22 0.22 0.00 -0.20 0.04 
75 120 0.32 -0.65 -2.18 0.29 0.18 -0.03 -0.26 0.05 
75 135 0.17 -0.84 -2.31 0.32 0.15 -0.07 -0.30 0.05 
75 150 0.07 -1.01 -2.62 0.36 0.14 -0.08 -0.29 0.05 
75 180 -0.12 -1.14 -3.00 0.37 0.14 -0.10 -0.35 0.05 
90 0 3.73 1.37 0.12 0.46 0.24 -0.03 -0.33 0.06 
90 30 3.36 1.30 0.03 0.44 0.20 -0.06 -0.34 0.06 
90 45 3.12 1.19 0.02 0.41 0.20 -0.05 -0.30 0.06 
90 60 2.64 0.85 -0.32 0.37 0.22 0.00 -0.23 0.05 
90 90 1.24 0.00 -1.19 0.24 0.22 0.00 -0.21 0.05 
90 120 0.45 -0.61 -2.05 0.30 0.23 -0.02 -0.29 0.05 
90 135 0.25 -0.81 -2.63 0.33 0.23 -0.02 -0.25 0.05 
90 150 0.07 -1.01 -3.05 0.38 0.25 -0.03 -0.28 0.05 




B1. CALCULATION OF DESIGN LOADS AS PER ASCE 7-05 
 
Design wind loads for a full scale ground mounted photovoltaic tracker (PVT) were 
obtained by idealizing the PVT system as a monoslope free roof. The net pressure 









 wind directions of 







Figure B1 Net pressure coefficients for monoslope free roofs shown in Figure 6-18A of 
ASCE 7-05 
 










From Sec. 6.5.15 of ASCE 7-05, the design wind load on PVT = refNh ACq G  
Where, refA  = prototype reference area of solid PVT = 16ft x 16ft = 256 ft
2
 
The design wind loads calculated for four pitch angles of the prototype PVT model using 

















Table B2. Design Normal Force as per ASCE 7-05 for Pitch Angle = 15
o 







B2. CALCULATION OF DESIGN LOADS USING WIND TUNNEL DATA 
 
33V  = Design wind speed at 33 ft elevation from ground as per ASCE 7-05 = 90 mph 





V33   

























q  = Design pressure corresponding to mean hourly wind speed at PVT pivot height 
=   psf029.7V0.00256 2H   
Table B4. Design Normal Force as per ASCE 7-05 for Pitch Angle = 45
o 
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= Design normal force for a design wind speed 33V   = FNref CAq  
 




 of the wind tunnel tests 






To compare with the ASCE 7-05 results, the experimental design normal forces boxed in 
the red rectangle were used as ASCE 7-05 limits the pitch angle of the roof to 45
o
. 
Table B5. Experimental Design Normal Forces for Wind Direction = 0
o 
Table B6. Experimental Design Normal Forces for Wind Direction = 180
o 
